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Abstract 
Generation of wavelength-tunable picosecond optical pulses have been 
demonstrated by using self-seeded gain-switched laser diodes with three different 
configurations. Using a grating in the feedback path of a 830 nm LD，singlemode 
pulses which could be successively tuned over 7.6 nm with SMSR > 20 dB was 
obtained. By connecting the 1.3 |im laser output with a 1.6 km dispersion-shifted 
fiber terminated by an optical-loop-mirror with a polarization controller, a tuning 
range of 16.9 nm with SMSR > 10 dB was demonstrated. A novel fiber-mirror 
configuration was also been used for self-seeding both 1.3 and 1.55 }im laser diodes. 
This configuration was simply consists of a 400 m HDSF, a polarization controller 
and a singlemode fiber its end coated with a thin thickness of gold. After 
optimization the feedback rate，successively tuned over 13.43 nm with SMSR > 20 
dB was obtained for the 1.3 |im laser diode. The 1.55 nm laser diode could be tuned 
over 12.8 nm with SMSR > 15 dB which might be further improved if the feedback 
rate was optimized. The feedback rate and the electrical bias dependence on the 
SMSR of the seeded wavelength and the output pulsewidth was investigated. It was 
found that the SMSR and the tuning range increased with both the feedback rate and 
the electrical bias. However, if the feedback or the electrical bias was too large, 
multimode emission might occur. The pulsewidth was increased with the seeded 
wavelength, but decreased with increasing d.c. bias. By chirping compensation the 
self-seeded pulse with an additional 1.6 km DSF, a compressed pulse with 8.5 ps 
width was obtained By applying a thermal control, we have demonstrated an 
efficient scheme to improve the tuning range and provide quasi-continuous 
wavelength-tuning between two neighboring longitudinal modes. The self-seeding 
technique was also used to generate time-division-multiplexed dual-wavelength 
optical pulse train. The wavelength separation between two spectral peaks was 
decreased by increasing fiber length and the emission wavelengths was changed by 
adjusting the tuning frequency. Based on this idea, a novel self-seeding configuration 
was proposed for the programmable multi-wavelength optical pulse generation. 
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Chapter 1. Introduction 
Chapter 1. 
Introduction 
Wavelength-tunable optical sources capable of generating picosecond pulses 
from semiconductor diode lasers are extremely attractive because it have found 
potential applications in optical signal processing, all-optical probing, all-optical 
switching, optical fiber dispersion measurement and high bit-rate optical wavelength 
division multiplexed (WDM) and time division multiplexed (TDM) transmission 
, systems. �. 
In the mid-sixties, the development of optical parametric oscillator and the 
dye laser had made a break-through on the wavelength tunability of the laser [1]. 
Following these early discoveries, many efforts have been done in the generation of 
tunable light to span the region from the ultraviolet to the far infrared. Based on 
vibronically broadened transitions, excimer laser and color centers laser have 
permitted tunable operation over the ultraviolet spectrum [2], visible and near 
infrared spectrum, respectively [3]. Nonlinear frequency shifting techniques such as 
Stimulated Raman Processes [4] and Four-Wave Mixing [5] allow the improvement 
on the wavelength tunability of the primary laser source. 
According to the bandwidth theorem, the minimum duration of any signal is 
given roughly by the inversion of the spectral bandwidth. One can easily deduce that 
in order to get shorter pulses one should deal with a laser system with wider spectral 
bandwidth. From this point of view, dye lasers and semiconductor diode lasers are 
the most promising ways to generate ultrashort pulse (< 100 ps) [6]. In additions, 
semiconductor laser diode (LD) have some advantages when compared with other 
lasers owing to their small dimensions (on the order of 0.1 mm long), and easily 
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operate at high frequency (> 100 MHz) by modulating the bias current. The spectral 
bandwidth of gain in a semiconductor laser can be roughly estimated by the value of 
JcT, where k is the Boltzman constant and T is the temperature in Kelvin [6], At room 
temperature, it have a very broad gain spectrum (> 20 nm) and therefore pulsewidth 
as short as < 100 fs could be possible. Because of the superior properties of the 
semiconductor laser, great process has been made to generate wavelength-tunable 
optical pulse in the past decade. There are many approaches to produce it which will 
be briefly reviewed here. 
« • • , . . . . ' • • . 
1.1) Recent approaches for wavelength-tunable optical 
pulse generation 
1.1.1) Mode-locking a semiconductor laser diode with external cavity 
The term mode-locking refers that many hundreds or thousands of adjacent, 
simultaneously oscillating cavity modes are kept at a constant phase such that they 
sum to form a train of short pulses [7]. The mode-locking is initiated and sustained 
when the laser diode was modulated at a driving current frequency which is equal to 
its cavity round-trip frequency (c / 2 nQ L). The output of the mode-locked laser 
diode is usually coupled with an external cavity to extend the cavity length, thus relax 
the high operation modulation frequency requirement. The interior laser-air facet 
should be anti-reflection coated (reflectivity < 1 %) to avoid three-mirror cavity (two 
diode facets plus the external mirror) effect which produce clusters of many axial 
modes in the optical spectra of output emission and generate a stream of noisy 
substructure bandwidth-unlimited picosecond pulses [6]. By employing a diffraction 
grating or an optical etalon inside the external cavity the lasing bandwidth can be 
controlled. Wavelength tuning is achieved by small tilt of the grating or changing the 
spacing of the parallel plate of the etalon. Since higher selectivity can be obtained by 
1-2 
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using a grating, it is commonly used to generate wavelength-tunable mode-locked 
laser pulses. Wavelength tuning larger than 20 nm centered at 830, 1300 and 1550 
nm with pulsewidth less than 30 ps have been reported by many authors [8-10]. 
Because the gain spectrum depended on the laser structure and material, it limits the 
tuning range of this technique. The pulsewidth of the mode-locked pulse is 
broadened by the effect of dispersion, gain-saturation, spectral hole burning and 
dynamic carrier heating on semiconductor laser [6]. Therefore, the measured 
pulsewidth are generally larger than the bandwidth-limited. In order to obtain shorter 
pulse, a dispersion compressor such as a grating pair [11] or a dispersion-shifted fiber 
(DSF) is added to the laser output [12]. Although this technique can be employed by 
different type of laser sources such as Fabry-Perot (F-P) [8], two-section distributed 
Bragg reflector (DBR) [13], multichannel grating cavity laser [14] to generate 
picosecond wavelength-tunable laser pulse, it requires good anti-reflection coating on 
one of the diode facet [6]. Therefore, it is hardly to use a commercial available diode 
laser. Besides, the pulse quality under mode-locking is highly depended on the 
stability of the external cavity, thus critical optical alignment and precise thermal 
control are required. 
1.1.2) External mode selection of a gain-switched Fabry-Perot laser 
diode 
Gain-switching1 has the advantage that no external cavity and sophisticated 
fabrication technology are required, therefore, it is widely used to generate ultrashort 
picosecond pulses at an arbitrary repetition rate [6]. In experiment, the output pulse 
of gain-switched F-P diode laser was launched into a 1 km DSF, a train of temporally 
resolved compressed singlemode pulses, each of which corresponds to an individual 
longitudinal mode was obtained. Different longitudinal mode was selected by using a 
1 The mechanism of gain-switching will be discussed later. 
1-3 
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monochromator [15]. With a similar technique, a train of 12 ps singlemode pulses 
with a sidemode suppression ratio of 15.2 dB centered at 1.54 \xm by using a chirped 
optical fiber Bragg grating to select different cavity modes from a gain-switched F-P 
laser diode have been reported [16]. The disadvantages of the former are high 
insertion loss and large power fluctuations, thus weak level of power is available after 
mode selection. The latter is also suffer from narrow wavelength-tunability owing to 
the limited bandwidth of the fiber grating and complicating fabrication of the fiber 
grating. 
1.1.3) Utilizing supercontinuum in optical fiber 
Supercontinuum pulse generation has been studied extensively in liquids, 
solids, gases and in optical fibers as wideband sources for ultrafast spectroscopy [17]. 
Recently, Morioka et al. have demonstrated broadband (> 40 nm) multiwavelength 
.. picosecond sources by utilizing laser diode pumped superconntinuum in optical fiber 
[18-19]. In experiment'[19], a train of 6 ps gain-switched 1.55 i^m laser pulse was 
generated and then amplified with an Erbium-doped fiber amplifier (EDFA) up to a 
peak power of 3.8 W. The pulse was used to pump a 4.9 km single-mode fiber 
(anomalous dispersion, less than 0.1 ps/nm/Km at 1553 nm), supercontinuum pulse 
(< 10 ps) with more than 40 nm were obtained. The effect of supercontinuum are 
due to the combined effects of self-phase modulation, cross-phase modulation, four-
wave mixing, and stimulated Raman scattering, and depends on the dispersion 
characteristics of the nonlinear material and the bandwidth of the input pump pulse 
[19]. High peak power ultrashort pump source and optimized nonlinear effect on the 
optical fiber is critical for supercontinuum generation. 
1.1.4) Active Mode-Locked Erbium fiber ring laser 
Mode-locked erbium doped fiber ring laser have recently shown to generate 
ultrashort pulses at wavelengths around 1.55 jam [20-21]. In experiment, a high-
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power pump source (148 jam) was coupled to a erbium-doped fiber through a 
wavelength-division-multiplexer couplers (WDMs). The fiber ring was composed of 
three polarization controller (PC), isolator, modulator and tunable optical filter. By 
adjusting the modulation frequency of the modulator to match the round-trip 
frequency of the fiber ring, a train of mode-locked pulse around 1.55 jim was 
generated. Wavelength selection is achieved by tuning the optical filter. Pulses of 30 
ps duration with a 50 nm tuning range was demonstrated [20]. Since the repetition 
frequency of the laser is determined by the length of the fiber ring, it is hardly to 
change. Besides，an optical fiber amplifier is critical for the setup, however, fiber 
, amplifier at other wavelength such as 1.3 \xm is still under research. Thus, this 
technique is hardly used to other wavelength except 1.55 \xm. 
1.1.5) CW injection locking a gain-switched laser diode 
When a cw monochromatic light from a master laser is injected into a gain-
switched slave laser diode, it was shown that this weak cw external light can 
effectively suppress multiaxial mode oscillation [22-23]. Injection locking can also 
transfer the pure spectral characteristic from the master laser to the slave laser and 
can be used to eliminate mode partition noise and frequency chirp from the 
modulated lasers [23]. Since the wavelength tunability of the slave laser is depended 
.• ' . . . . . . ... • ... • 
on the master laser, an additional cw wavelength tunable laser source is required. It 
increases the cost of the system. 
1.2) Self-seeding a gain-switched Fabry-Perot laser diode 
Recently, a comparatively simple method to generate picosecond wavelength-
tunable laser pulse by self-seeding a gain-switched F-P laser diode have been 
demonstrated [24-30]. The principle of self-seeding technique is to provide a weak 
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optical feedback to a gain-switched laser diode. The feedback should be quasi-
monochromatic and arrive back to the laser diode during the pulse buildup time. It is 
a strong analogy to injection locking of a modulated multimode laser with a small 
external signal. Comparing with cw injection locking technique, no additional 
wavelength-tunable laser source is required. Unlike mode-locking, no anti-reflection 
of the diode facet is required. Thus, an inexpensive commercial available F-P laser 
diode can be employed as the optical source. Since it have a sensitive time windows 
for the feedback signal and the width is in the range 30 - 60 ps [24], the self-seeding 
is much less sensitivity to changes in the repetition rate than mode locking. Besides，it 
_ : has the advantage of a low turn-on delay time jitter ( � 2 1 0 fs) when comparing with 
gain-switched singlemode DFB laser 2 - 3 ps), or gain-switched multimode laser 
( � 5 0 0 fs) [32-33]. Stable singlemode operation can be obtained after four round-trip 
cycles [42]. Thus, it has potential to be used in fast wavelength switching. Since the 
seeded pulses exhibit a strong chirp in singlemode emission comparing to mode-
locking, they can be compressed to produce nearly transform-limited pulses by using 
a dispersion-shifted fiber [27，30] or a modified grating pair which is composed of a 
diffraction grating pair and a telescope [33，34]. Self-seeding can also be used to Q-
switched laser diodes. Ultrashort 1 ps), high power (> 5 W) tunable pulses were 
demonstrated with a.0,8 jim Q-switched laser diode [30]. 
The method of wavelength tuning, stability and insertion loss of self-seeded a 
gain-switching laser diode are greatly depended on its configuration. There are 
basically three approaches have been used. One is coupling the output of a gain-
switched F-P laser in a long, highly attenuating and selectively external cavity 
through a beamsplitter [24, 30] or a optical fiber coupler with an in-loop polarization 
controller (PC). The coupling ratio of the fiber coupler is 9 : 1 [25] or 5 : 5 [27，31， 
32]. The end reflector of the cavity is a diffraction grating. The cavity length is 
arranged such that the repetition frequency is an integer multiple of the round trip 
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frequency of the feedback loop. The amount of the feedback is adjusted by the 
attenuator. The output is extracted by the beam splitter or the other arm of the 
coupler. By a small tilt of the grating, discrete wavelengths corresponding to 
different cavity modes can be tuned. After fiber compression, picosecond pulses 
(minimum pulsewidth <2.5 ps) with very high tunability (40 nm) and repetition rates 
(> 10 GHz) from a 1.3 |im gain-switched laser diode were reported [30]. The 
wavelength tunability and the SMSR of the output pulse is depended on the 
bandwidth on feedback. Thus, the grating separation and the stability of mechanical 
parts are essential. Precise optical alignment and fine angular resolution for the 
rotational stage are also required. 
The second setup is gain switched a 1.55 jam F-P diode laser and then 
coupled the output to an optical fiber loop reflector formed by connecting the output 
ports of a 3 dB fiber coupler [26, 28]. The fiber loop contains an optical filter (fiber 
F-P resonator), and a polarization controller. The output of the fiber loop reflector is 
amplified by a Er-doped fiber amplifier. The pulse repetition rate is adjusted to a 
multiple of the light round trip time of the fiber. By adjusting the polarization 
controller, the ratio between feedback and the output can be controlled. The output 
wavelength is discretely tuned by changing the tuning voltage of the filter. As the 
narrow bandwidth of the filter, near transform-limited pulses have been produced. 
Pulses widths of around 15 ps -"with 11 nm wavelength tunable at 10 GHz were 
reported [28]. Since the setup suffer from high insertion loss, amplification of the 
output is essential. Besides, the components of the setup such as optical amplifier, 
fiber coupler and optical filter are wavelength dependent. Thus, it is hardly to operate 
the same setup at different wavelengths such as 1.3 or 1.55 \xm without changing 
components. The free spectral range of the optical filter is also limited the tuning 
range of the setup. 
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In the final approach, an electrically wavelength-tunable technique is 
demonstrated utilizing a fiber optic configuration which is consisted of a 1 km DSF, a 
fiber loop reflector and an in-loop polarization controller (PC) [29]. The output of a 
1.3 (j,m gain-switched laser diode is launched into the DSF and then partly reflected 
to the laser diode from the fiber loop reflector. While, the rest is output at the other 
arm. The reflectivity of the loop reflector is adjusted by the PC. Owing to the 
dispersion effect, neighboring longitudinal modes of the emitted pulse has a temporal 
separation of � 2 0 ps when they arrive back the laser. Thus, the singlemode operation 
is obtained by tuning the repetition frequency until it is close to an integer multiple of 
the round trip frequency of the fiber. A tuning range of 40 nm (SMSR > 20 dB) with 
pulsewidth of 28 ps at 321 MHz laser source have been reported [29]. Since the 
DSF usually exhibits zero dispersion at 1.55 i^m and the 3 dB fiber coupler operating 
at 1.3 jam are not suitable as a loop reflector at 1.55 \im because the splitting ratio 
shows large difference at two arms which results the reflectivity of the reflector 
cannot be adjusted by tuning the PC solely, the setup can hardly be used both in 1.3 
and 1.55 jam without changing components. 
1.3) About this project 
The aim of this project is generation and characterization of the wavelength-
tunable picosecond pulse by self-seeded a gain-switching F-P laser diode. The 
research can be mainly divided into four parts. First of all, Self-seeding have been 
used to generate wavelength-tunable picosecond pulse from some gain-switched laser 
diodes operated at 830’ 1300, 1550 nm by using different configurations. It includes 
conventional grating method at 830 and fiber-optic configuration at 1300 nm. A 
novel configuration has also been employed. This configuration is composed of a 
highly dispersion-shifted fiber (> 80 ps/nm/km at 1.55pim), a polarization controller 
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and a singlemode fiber in which its end coated with a thin thickness of gold. This 
fiber-mirror configuration is comparative simple, more stable and allows to operate at 
1.3 and 1.55|j.m. As a portion of the optical output signal will be reflected from the 
gold-coated fiber end and the HDSF has temporally separated the neighboring 
longitudinal modes, the singlemode operation can be obtained by tuning the repetition 
frequency until it is close to an integer multiple of the round trip frequency for a 
longitudinal mode in the external cavity. 
The SMSR and wavelength-tunability dependence on the feedback and the 
� . d.c. bias are also characterized. It was found that with a strong feedback, a 
comparatively large tuning range and a high sidemode suppression ratio were 
obtained but multimode emission might occur around the center of the range. Similar 
phenomenon was observed at a weaker feedback when the electrical bias was 
sufficiently large. Thus, an optimized condition on feedback and d.c. bias was 
required. 
The second part of this project is pulse compression the self-seeded pulse at 
1.3 |im. The output was launched into a 1.6 km DSF，the electrical bias dependence 
on the pulsewidth of the self-seeded laser diode and its output from the DSF are also 
studied. It was found that the pulsewidth increases with seeded wavelength and the 
effect was similar after fiber compression. 
In part three, an efficient scheme is introduced to improve the tuning range by 
applying a thermal control. Using such scheme, more than 100 % enhancement in the 
tuning range have reported by self-seeding a gain-switched 1.3 |am LD. Wavelength 
between two neighboring longitudinal modes can also be accessed by precise control 
of the temperature. 
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In the final part of this project, the self-seeding technique have been used to 
generate a train of half-period delay dual wavelength picosecond optical pulse by 
employing the fiber-mirror configuration. Different lengths of the DSF have been 
added to the feedback path and the repetition frequency has been adjusted until two 
overlapped wavelength in different feedback pulses arrive back to the LD and during 
the pulse buildup. It leads two cavity modes have been seeded simultaneously. Since 
this two wavelengths have been temporal separated when it travel along the DSF and 
HDSF, two optical pulse trains at different wavelengths with a half-period delay 
between them have been generated. The separation between two spectral peaks can 
� be tuned by using different DSF, and the emission wavelength can be changed by the 
tuning frequency. 
In chapter 2, the basic theory on self-seeding a gain-switched LD will be 
described in detail. Chapter 3 will focus on the instrumentation works for the 
temporal detection. It will include an 2nd harmonic autocorrelator，a fast 
photodetector system. Experimental demonstration of self-seeding a 830 nm with the 
conventional grating method will be discussed in chapter 4. In chapter 5’ the 
sidemode suppression ratio and the pulsewidth dependence of the feedback rate and 
the electrical bias will be studied by using the fiber-optic configuration. In additions, 
a simple scheme to improve the tuning range and provide the quasi-continuous 
wavelength tuning between two neighboring modes will be presented. Chapter 6 
related to the research on a novel self-seeded configuration. Experimental 
demonstration of half-period delay dual-wavelength picsosecond optical pulse 
generation utilizing self-seeding technique will be described in chapter 7. A proposed 
scheme on the programmable delay multiwavelength picosecond optical pulse 
generation will be given in chapter 8. Conclusions of the thesis will be presented in 
chapter 9. 
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Basic theory 
2.1) Basic mechanism of gain-switching 
Since the gain-switching mechanism and its properties has greatly effects on 
the self-seeding technique, it is important to recognize it Gain-switching is a 
comparatively simple technique to generate picosecond pulse (> 20 ps) from LD. It 
is more popular than Q-switching [35] or mode-locking because gain-switching does 
not require specially fabricated devices and antireflection coating on the diode facet. 
When the LD was biased below the lasing threshold and driving with a giant electrical 
pulse, the optical output does not achieve a steady-state character immediately, but a 
transient regime is observed in the form of relaxation oscillation until steady state is 
reached. If the electrical pulse is short enough, the threshold is overcome 
momentarily and the output is a single light pulse which correspond to the first spike 
of the relaxation oscillation [35-38]. Consequently, the shortest pulse can be 
generated by gain-switching technique related to the strength of relaxation oscillation. 
The electron and photon densities during a gain switch cycle are shown in 
Fig. 2.1. and governed by the following rate equations [36] 
dn j n I\A (n -n。）p (2.1) 
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Fig. 2.1. Typical evolution of the photon and electron densities during a gain switch cycle 
: . . . : [ 3 6 ] . 厂 
where n and p are the electron and photon densities, ts and tp are the carrier and 
photon lifetime, A is the differential gain and r is the confinement factor. J is the 
injection current density, nQ is the carrier density for transparency, P is the 
spontaneous emission factor, and s is the gain compression factor. Since the laser is 
biased below threshold, low initial value of photon density occur and thus the initial 
rate of increase in photon density is very low. The photon density has not 
significantly consumed by stimulated emission, therefore the carrier density is 
allowed to build up to a very high level. At one point, the photon density will 
increase to a level that stimulated emission begins to consume injected , carriers 
significantly, and maximum inversion, n, is reached. When the optical pulse is 
emitted at the short time interval, ~ the stimulated emission become dominant and 
carrier pumping, relaxation, and spontaneous emission are negligible [35，36]. 
According to equation (2.2), for a small enough value of photon density, the gain 
compression, s is also insignificant [6]. The relations between photon and carrier 
densities can be obtained by solving the rate equations and many approaches have 
been used. When the photon density is small，the carrier density is approximately 
constant. The output pulse can be roughly describe as a combination of two 
asymmetric exponential curves with time constant tr and tf on the rising edge and 
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falling (10-90 %) edge, respectively [37]. The falling time of the optical pulse is less 
than its rising time and follow the relations: [38] 
去二X4(«0�一"。) _ + ’ (2.3) r p 
+ = «。)-乒， （2.4) 
t = , (2.5) pmp TA(n00-n0y 
where n00 is the initial carrier density, is the peak initial inversion level and tpmp is 
the initial risetime in the absence of cavity loss which depended on the pumping. The 
output pulsewdith estimated by the sum tr and // scales linearly with the photon 
lifetime tp but keeping unchanged pulse shape, if the ratio tpmp / tp is held constant 
Therefore, the shorter pulsewidth is obtained by higher initial inversion level, shorter 
* 
photon life-time [6，35, 36] and higher differential gain [6]. Since the initial inversion 
level is determined by the photons buildup time and higher inversion level is obtained 
if a slow buildup time is allowed, decreasing the photon lifetime can result shorter 
pulse. Therefore, shorter pulsewdith have been demonstrated experimentally by 
using a LD with short cavity [39] or low mirror reflectivity [40]. The former, 
however, is limited by the fabrication technology and the latter increase the lasing 
threshold. 
An alternative approach is solving for the photon density, p(t) immediately 
after the pump current is applied using n (t) = Jt + n00 under the assumption ofJ/Jth 
« ns /np and pump current pulse with an amplitude much higher than the threshold 
current of the laser and contains an amount of charge many times larger than that 
required to fill the electron density in the laser to the threshold level: [35, 36] 
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= ^/1^^, V ^ * \ / ^ e x P ( a " ) ， （2 6 ) 
where 
2a = (J / Jth){\ / t s t p ) , (2.7) 
where tj = t- tQ and 
tQ = 1 /J(l /tp + no-rioo), (2.8) 
is the time required for the carrier density to reach to the lasing threshed. The optical 
pulse width tw is approximated by dividing the total photon number by the peak 
photon density PP founded by setting dp / dt = Q in equation (2.2) when a triangular 
pulse shape is assumed: 
W W l H ， ’ (2.9) 
p 
r^FAtpni： (2.10) 
where rj is a function of peak inversion ratio r only. Thus, tw depends only on peak 
inversion ratio and photon life time. By considering the time T at which peak 
inversion occurs and setting dn / dt = 0, the peak inversion ratio is given by 厂尸 
rAtpJT + 1. It is found that the inversion ratio is a very weak function of pump 
current and does not exceed 2 even at J / Jth approaching 20, Under this condition, 
the minimum pulsewidth can be deduced as approximately five times photon lifetime 
[35，36]. The optimum d.c. bias point to obtain shortest pulse is slightly below 
threshold. If the laser is unbiased, the limited amount of charge delivered by the 
current pulse may not be able to make a positive inversion. A large amount of 
preexisting stimulated emission, however, will clamp the maximum inversion at a 
level not much higher than threshold, if the laser is biased above threshold [35, 36]. 
Thus, pumping the laser with an electrical pulse which contains a relatively small 
amount of charge and with biased slightly below threshold, it has been observed the 
shortest optical pulse [37]. In additions, short pulse generation is harmful by high 
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gain compression and high spontaneous emission. The former limit the peak photon 
density and the latter confine the peak inversion level [35，36]. 
An asymmetric secant function Pasech has also been used to find an analytical 
expression for the pulsewidth, recently [38], 
U ) : " ^ " X ’ （ 2 1 1 ) 
Comparing with an asymmetric exponential function [37] just discussed before, the 
new function characterizes the pulse amplitude at the peak more accurately under 
numerical analysis [38]. The full width half maximum t^hm of the function is given by 
), (2.12) 
Ppk 
where P ^ is the peak value of the asymmetric secant function. The falltime is chosen 
as tf « tr + tp which dififer from pervious approximation / / « � b e c a u s e it can give a 
fairly accurate estimation at all pump level. Under both analytical and numerical 
investigation, it is found that the minimum output pulsewidth is � 2 . 5 times the 
photon lifetime tp when the laser cavity is optimized (tp / tpmp « 2.81) and the pump 
power is fixed. 
2.2) Mechanism of self-seeding 
2.2.1) General principle 
The principle of self-seeding technique can be generalized as in Fig. 2.2. A 
portion of output power from a gain-switched F-P LD is coupled to an external 
cavity and then feedback to the LD. The required feedback is very weak and quasi-
monochromatic which must be arrival back to the LD during the pulse build up, that 
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is, before switching of the LD. As a consequence, the round-trip time in the external 
cavity must close to, but slightly smaller than, a given multiple of the injection current 
. feedback . . , , laser emission 
t — • gain-switched ^ 
external cavity ^ F-P laser diode ^ 
laser emission ‘― 
Fig. 2.2. The basic idea of self-seeding technique. 
modulation period [30, 32]. In Fig. 2.3，t2 is defined as the time, when the carrier 
density reaches threshold. Before t2 the laser is below threshold and any additional 
e m. field is damped by internal absorption with a time constant in the 1-10 ps range. 
Whereas afterwards there is net gain in the laser and the photon number increases 
exponentially, therefore stronger optical input is required to cause a significant 
change of the output [29, 32]. Hence, the gain-switched LD is sensitive to the 
additional input within a time window located at t2. The width of the sensitive time 
* 
window is large if the variation of carrier density is slow and it is estimated as about 
20 ps [32]. Thus, self-seeding is less sensitive to the changes of pulse repetition rate 
than mode locking owing to the width of this sensitive time window [32]. 
I —. 
, 广 一 一 � Y V P h o t c ? n / ； / Y ^density 
’ injection [ . / \ � � 
current i :, J \ ��� 
/ 1 V back reflected � 
carriers / ！ \ pulse � ^ J • V —— � 
•tgt time � 
Fig. 2.3. Mechanism of self-seeding [32]. 
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2.2.2) Dynamics of singlemode formation 
Actually self-seeding technique is strong analogous to injection locking of 
multimode pulses lasers with a small external monochromatic signal [41]. The major 
difference between them is the additional input signal is not fixed at time origin under 
self-seeding scheme, stable singlemode operation appears after several round-trip 
times in the external cavity [30, 42]. The first pulse generated from self-seeding 
scheme still shows multi-longitudinal mode spectrum. When the first pulse is fed 
back into the LD after spectral filtering, the spectral power of the output pulse 
corresponding to the selected cavity mode will be increased and the other modes will 
be suppressed. The accumulation of the spectral power in the selected mode 
continues until a stable state is achieved. While, the number of round-trip times 
required for stable operation can be estimated by solving the multimode rate 
equations [42]: 
導 二 L - E ^ f ^ n (2.13) 
at q rs i=_M 
苧 = ( 1 - 4 ^ ^ ½ � ( 0 ( 2 . 1 4 ) 
at V TS rp 
where the used parameters are listed: 
Symbol Physical Quantity Symbol Physical Quantity 
N carrier number � V active layer volume 
Si photon number of mode i p spontaneous emission factor 
gi gain of mode i rp photon lifetime 
I applied current A0wi ‘ differential gain of mode i 
q electron charge N0 carrier number for transparency 
rs carrier lifetime h peak wavelength 
2M + 1 total number of modes G0 modal gain factor 
r mode confinement factor am mirror loss 
Vg group velocity r feedback efficiency 
s gain compression parameter 
2-7 
Chapter 2. Basic theory 
The optical feedback term Pfb,/ in (2.14) is zero except for the selected mode k and 
•
 r:‘:.: ‘ ：.-, ‘ • . ‘ • ^ • ‘ . ‘ .,. ‘ ： • . . . . •‘ . . . ; 
Pfbjc^rO.SomVg Sn.ijc{t). A parabolic gain profile is assumed [42] 
^ 1 V Gl J 
where A0>i = A0 (1 - 0.013(2, -人迅过)）is used to account for the increase in the 
differential gain on the short wavelength side of the gain spectrum. The simulation 
results show that a singlemode pulse is build up within four cycles for wavelengths in 
the gain peak region but it increase to ten for wavelengths at the outer edge of the 
tuning range that agree quite well with the experiment data [42]. In the mode 
locking schemes, hundreds to thousands of round-trips is usually required for stable 
pulse emission. Thus, the switch-on time in self-seeding is superior by at least 
hundred times lower to mode locking scheme. It shows the potential for extremely 
fast wavelength switching； If the LD is operated at 10 GHz and self-seeded at 
fundamental round-trip frequency, the round-trip time is 100 ps and the required 
j 
external cavity length formed by fiber (refractive index �1.5) is 1 cm. Hence, 
wavelength tuning may be as fast as 400 ps. 
2.2.3) Different cases of Modal selection 
Sometimes, although quasi-monochromatic feedback is used for self-seeding, 
more than one cavity modes are seeded in the output pulse. This phenomena can be 
attributed to the strength of instantaneous frequency evolution and the arrival time of 
the feedback pulse. The instantaneous frequency evolution of a given mode at the 
condition of a semiconductor laser under strong current modulation is shown in Fig. 
2.4(a)1 [30]. The variations of a given cavity mode frequency Av are related to the 
carrier density variations AN through Av = (a / 4tc) (rAAN), where a is the 
linewidth enhancement factor, r is the confinement factor, and A is the linear gain 
1 The permanent regime of the self-seeding process will only be considered in this 
section. 
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coefficient at a cavity mode[30]. When the carrier density increases with injection 
current during the pulse build up, the instantaneous frequency also increases. 
However, after the laser switches, the carrier density decreases rapidly below 
threshold, and a strong downchirp is occurred in the emitted pulse. From the typical 
values of the laser parameters, it lead to the frequency variations of 200-400 GHz 
during pulse build up, as well as during pulse emission. These frequency variations 
are comparable to or even larger than the cavity mode spacing (-150 GHz) of a LD 
with 250-300 jam cavity length. Therefore, different cases of mode selection may 
occur. 
u 1 J _ _ 2 . ~ 3 丨 V I 
, 1 , 2 I 3 , 
0 T/2 T \2 1 —1 1 ^ v 
, I ” 1 ― “ I ' . 2 | 
o Threshold/ Q t3 — 1 L _J >. v 
l / k r ^ ? ^ 
, 1, 2, 3 (a) t2 » 1 1 " v 
t3 11 1 1 ’ / 
一一一 一 一 . 
2 1 3 丨^ 1 
A I I Oownchirp 
. 14 _il L _ J >.v 
_ � � c ) 
Fig. 2.4. Solid curve: Instantaneous frequency evolution of a given cavity mode in the 
presence of small feedback and for strong current modulation. Dashed curve: theoretical 
frequency evolution corresponding to saturated gain. Thinner curves: schematic 
representations of gain-switched pulse and feedback pulse, the latter arriving during pulse 
buildup. T is the period of modulation, (b) &(c) Illustrations of modal selection for two 
different arrival times [30]. The vertical arrow points to the feedback frequency v“ 1，2, and 3 
are three consecutive diode cavity modes considered at times ti, t2, t3, and The horizontal 
arrow represents the pulse downchirp during emission. In (b) only mode 2 can be selected. In 
(c) modes 2 and 3 are selected [30]. 
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In Fig 2.4 (b) and (c) describe two cases of mode selections for two arrival 
times of the feedback pulse [30]. A set of three cavity modes is considered at 
different time during a period of current modulation: th t2 are two time during pulse 
build-up, t3 is the switching time, and t4 corresponds to the end of pulse emission. 
Same frequency variations for all cavity modes and quasi-monochromatic feedback 
pulse with same frequency in the two cases are assumed. In (b), the feedback pulse 
arrives at time t2, not far from laser threshold, and the feedback frequency coincide 
with one cavity mode only during the pulse build up [mode 2]. This mode is greatly 
enhanced with amplitude and become dominate. As a result, singlemode operation is 
. obtained. In (c) the feedback pulse arrives at time th the early stage of pulse build 
up. The frequency variations is larger than one cavity mode spacing and the 
feedback pulse width is longer than t2- ti. At that case, frequency coincidence 
successively occur with two adjacent cavity modes during pulse up [mode 2 and 
mode 3], leading to the emitted pulses with two cavity modes. Since frequency chirp 
is positive during pulse build up, modes at higher frequency is initiated. Multi-
longitudinal mode emission under self-seeding scheme not only depends on the 
factors of the spectral of the feedback signal, the arrival time of the feedback pulse, 
and the feedback pulse width, but also depends on the feedback rate and the d.c. 
bias. Details will be discussed in section 6.1. 
2.2.4) Reduction of turn-on delay time jitter of optical output 
The self-seeding process is effectively reduction of turn-on delay time jitter 
[31，32]. Turn-on delay time jitter (TOJ) stems from the fluctuations in the photon 
density during the building of the optical pulse, i.e. the time (t2) when the carrier 
density reaches threshold, and caused by the random character of spontaneous 
emission. A singlemode DFB laser exhibits large relative fluctuations of the photon 
number at t2 because the number of photons in modes which participate in the laser 
emission is lower by a factor approximately equal to the number of modes of a F-P 
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laser ( � 2 0 ) , so this results in larger TOJ. On the other hand, when a weak quasi-
monochromatic feedback ( � 2 %) is arrive back at t2, it will compete with the 
spontaneous emission. Consequently, fluctuations of the spontaneous emission 
intensity at t � a r e greatly suppressed in addition to the longitudinal mode selection, 
hence it reduces the TOJ. A low turn-on delay time jitter ( � 2 1 0 fs) comparing with 
gain-switched singlemode DFB laser 2 - 3 ps), or gain-switched multimode laser 
( � 5 0 0 fs) has been reported by using self-seeding technique [32-33], Thus, self-
seeding is the preferable method to generate low TOJ singlemode pulse compared to 
a DFB laser diode. 
A . . . . . . . . 
4 
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Instrumentation 
In this chapter, it will focus on the instrumentation part for the experiments. 
The principal and measurement details for characterization the temporal shape of the 
optical pulse will be concerned. The instruments include second harmonic 
autocorrelator, and high speed photodetector with fast oscilloscope. 
3.1) Second harmonic autocorrelator 
, , ‘ ’. • . • . • • •‘ 
3.1:1) Principal 
The second order autocorrelation function g(s) is defined as the normalized 
integral over all time of the product of a function at time t, f(t), multiplied by itself 
(auto) with a different value of time，/々 + [々58]: 
g(s) = — . (31) 
The autocorrelation function is a measure of how rapidly fluctuations dissipate. If 
f(t) is a single isolated pulse, g(s) vanishes for large relative delay s and its half-width 
provides a further knowledge about the shape 6[f(t). Thus, the autocorrelation 
function of short laser pulses can be used to deduce ultrashort laser pulsewidth which 
is difficult or impossible to detect by other techniques such as phtodetector or streak 
camera. However, g(-s) is always equal to g(s) by rewriting the integral with 
substitution of (t-s) for ( so g(s) is symmetric regardless of any asymmetry in/(¾) 
which is the fundamental limitation on the use of g(s) to determine pulse shape [59]. 
When/O is the light intensity of a laser pulse with width of At, then g(s) will take on 
considerable value, only s is on the order of At. The relationship between the exact 
value of the autocorrelation function full width at half maximum (FWHM) As and the 
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actual laser pulsewidth At depends on the temporal shape of the laser pulse. The 
relationship regarding with three common temporal profiles are given in Table 3.1 
[60] ‘ 
In practice, the autocorrelation is performed by a nonlinear crystal oriented 
for second harmonic generation (SHG). It is basically divided into two types: non-
background free, and background free. In non-background free detection, two 
orthogonally polarized pulses which is originated from one pulse pass collinearly 
through a nonlinear crystal. The crystal is oriented such that phase-matched SHG is 
. produced only when both polarizations are present. The another detection 
(background free) is similar to the previous one except passing two parallel polarized 
pulses traveling noncollinearly through a nonlinear crystal. The SHG is produced in a 
third direction when the phase-matching condition is fulfilled [59]. In both detection 
types, the second harmonic signal is proportional to the product of the intensity in 
each pulse. Hence, the nonlinear crystal does the correlation and the parameter s is 
generated by the variable delay. With this technique, the detector must be fast with 
respect to the rate of change of 5 but not t. To obtain a faithful autocorrelation trace, 
the rate of change of s is limited by the laser pulse repetition rate and by the time 
required to obtain an acceptable signal-to-noise ratio of the second harmonic intensity 
[58]. . .. ..::.:>::”
:
^"..义？ ;：： ；； • ： ? " : : 〉 : ’ ： 
Table 3.1. The width of the autocorrelation traces and the time-bandwidth products A^Avfor three 
different pulse shape. At and As are full widths at half maximum of f(t) and g(s), respectively. Av 
is FWHM of the measurable frequency spectrum. 
At JW A^ MAv 
Gaussian exp(-4 In 2(//A/)2 1.414 x A^  0.441 
Hyperbolic secant square sech2(1.76"A/) 1.54 x A/ 0.315 
Lorentzian 丨 [1 + (It/AtfT1 2xAt 0.221 
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In SHG correlation measurement, a careful beam alignment is required. It is 
because the experimental contrast ratios depends critically on alignment of the two 
optical beams and to a lesser extent on difference between the two intensities and 
absorption in the medium. The second harmonic correlation method has the 
particular advantage to low power laser pulse detection because of its relatively high 
nonlinear conversion efficiency under phase-matched conditions [59]. Besides, it is 
promised to use in high-bit-rate (>1 T Hz) detection. 
3.1.2) Description of the 2nd harmonic autocorrelator system 
Inrad model 5-14-LD autocorrelator was used in the experiments. The layout 
of the autocorrelator is shown in Fig. 3.1 [58]. It is a background free (non-
collinear) 2nd harmonic autocorrelator. The vertically polarized input pulse was 
launched into a Michelson interometer in which the distance of one arm of the 
interferometer is varied. This distance variation will introduce a relative time delay 
between two pulses arrive at the non-linear crystal In order to ensure that only 2nd 
harmonic signal is detected by the photomultiplier tube, a combination of some 
colored glass filters are used to remove the input laser signal. Different detection 
modes is used to ensures high detectivity. 
CA8l£S TO €L6CTPONiC 
CONTflOt.U£A 
i 
I p. ； 
(‘I pHorooiooe WKSHT ANCUS 
~ STORAGE • - MWWOA 
1 n 1 3 禹 < ^ > � ’ : . � ; 
(-VICTIM J SfEP^a 
[ ^ Morofl 
\ J i . CHOP<R 
,\ /• \ / MOTOR 
二胡雨 cnn , � I 焚 " I L—— _^_ 
珊 u J d l H 卜 1 y I 二 
r I UNS \ n 似对putm 
. 1| ||| X. ^^TSCflewa 
： cfr ~~n c^n i 
,I -, • I THlGCfil 1 � iJ yj f —• .. ！ 
i I * 
Fig. 3.1. The layout of the 2nd harmonic autocorrlator [58]. 
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The sensitivity of the autocorrelator is less than milliwatt square (the product 
of average power and peak power) and it has the maximum time resolution of 0.05 ps 
within the 土 84 ps scanning range. Two nonlinear crystals are available for the 
wavelength detection at around 0.85 and 1.3 \xm and an additional one can be used 
to cover the wavelengths from 1.2 to 1.6 |im. Details specifications is on the 
operation manuals. 
3.1.3) Data acquisition 
The flow chart for the optical pulsewidth determination by using an 2nd 
, harmonic autocorrelator is shown m Fig. 3.2. The autocorrelator is used to covert 
the input optical pulse signal into electrical signal which is acquired by the computer 
using a 'Super 12 bits AD/DA card，. The actual pulsewidth is inferred by fitting the 
recorded autocorrelation traces with different temporal profiles. Three different 
functions Gaussian, Hyperbolic secant square, and Lorentzian are used for the curve-
fitting. The best fitted profile is further devolved with a factor which depends on the 
pulse shape and is shown in Table 3.1/ 
optical pulse 7~77 . “ ~ r r 2nd harmonic ^ e l e c t r o n i c 一 
" " " 一~autocorrelator � c o n t r o l l e r analog 
- . to 
pulsewidth r ~ — " I r " d i g i t a l 
M curve-fitting -< computer 
Fig. 3.2. The flow chart for the pulsewidth determination by using an autocorrelator. 
The 2nd harmonic autocorrelation detection is fully controlled by an 
electronic controller. When the 'SCAN’ button in the front panel of the controller is 
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pressed, a short electrical pulse witlv+ 5 V will be send to the 'SCAN，output port at 
the rear panel and the detected signal will be output from the 'OUTPUT' output 
port. Thus, the data acquisition from the ‘OUTPUT, port to the computer is initiated 
when the AD/DA card sense to the electrical pulse from the ‘SCAN，port. The 
acquired data will be saved as a text file which can be assessed by common 
commercial software such as LOTUS or EXCEL. The programme for the data 
acquisition is shown in Appendix I. The data acquisition time of our configuration1 is 
measured as about 70 data points per second which limited by the speed of the 
computer Input/Output port. For the highest resolution (0.01 ps/sec) in the shortest 
range (1.5« ps) detection, it has about 1050 data points for describing the 
autocorrelation trace. 
3.1.4) Alignment and Measurement procedures 
1. Attach the cable with the 25-pin connector between the optical assembly and the 
electronic controller, 
2. Connect the optical assembly with the 'INPUT' port at the back panel of the 
electronic controller. 
3. Connect the 'SCAN' and ‘OUTPUT，ports at the back panel of the electronic 
controller to the ports labeled as 'SCAN' and 'OUTPUT' in the connection box, 
respectively. 
4. Attach the cable with the 25-pin connector between the connection box to the 
AD/DA card which is inserted on the computer. 
5. Install SHG crystal with "polarization in" arrows vertical. 
6. Install suitable colored filter. 
7. Connect the detection signal to the standard singlemode fiber mounted in front of 
the autocorrelator with a FC/PC connector. Note that the fiber output is well 
aligned the laser beam into the autocorrelator for 2nd harmonic detection. 
1 a 386-AT type computer with 8 M ram on board is used for data acquisition. 
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8. Using the polarizer to ensure that the input beam is vertical polarized and then 
remove it. 
9. Ensure that the chopper blade does not block the beam path. 
10. Place cover on unit. 
11. Activated the programme for the alignment purpose labeled as 'test.bas' in 
QBASIC. 
12. Dim the room lights and increasing the photomultiplier voltage. 
13. Search for SHG signal by tilting the crystal slowly and observe the output signal 
from the screen of the computer until a minimum value is observed from the 
, screen. 
14. The value ‘0，represents the signal is too strong, the photomultiplier tube is 
saturated. Thus, decrease the voltage of the photomultipler tube slightly. 
15. Maximize signal through crystal tilt and translation. 
16. Choose scan RANGE and RATE in the front panel from the electronic controller. 
17. Optimize scan parameters by trail and error - RANGE, RATE, and RESPONSE. 
18. Run the data acquisition program ‘auto.bas，in QBASIC. 
19. Press the 'SCAN' button and obtain the autocorrelation trace. 
. . . . . . , . , - > 
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3.1.5 Pulsewidth determination by curve fitting 
The actual pulsewidth corresponding to the autocorrelation trace is deduced 
by using a curve fitting programme2 which must be run under the MATLAB. The 
programme is listed in Appendix II. The basic idea of the programme is found the 
minimum error between the assumed curves and the measured autocorrelation trace. 
From the error, a best fitted temporal shape for the pulse can be founded and the 
pulsewidth can be inferred. One of the example for laser pulsewidth determination is 
shown in Fig. 3.3. When the curvefit programme Ccfl3' is run under MATAB and 
the filename Cpc5.txt' is input, the programme will automatically find the best fitted 
pulsewidth in different temporal profile, From the error, Lorentizan shape is assumed 
and the pulsewidth is deduced as 20.16 ps. The autocorelation trace with different 
temporal profiles are shown in Fig.3.4. 
» c f l 3 
I * 
(MAKE SURE IT DOES NOT CONTAIN ANY TEXT!!) 
Please input the data filename : 'pc5 .txt' 
Searching for solution, please wait .”， 
pc5.txt 
Gaussian : 29.39 
Sech : 2-6 
Lorentzian : 20.16 
The corresp. error is: 
Gaussian = 4.207e+06 
Sech= 1.739e+06 
Lorentzian = 2.923e+05 
Number of iterations done to reach optimum : 303 
Fig. 3.3. An example for pulsewidth determination by the method of curve-fitting. 
2 The programme was written by Mr. Y. W. Hung, and then modified by the author. 
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Gaussiam � Sech^2 
0.8 - /-X 29.39 0.8 j--\ 26 
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time (ps) 
Fig. 3.4. An autocorrelation trace fitted with different temporal profiles. 
.• •- • - ... . . . .. • — .... * , . , ' ••»•.，；.•.,). 
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3.2) Optical pulse detection by high speed photodetector 
3.2.1) High speedphotodetectors 
Although 2nd harmonic autocorrelator can detect ultrashort pulse ( � 1 0 fs), 
the detection process is not at real time and the pulse shape of the actual pulse is not 
known. Thus, a high speed photodetector is usually used together with the 2nd the 
harmonic autocorrelator for the pulsewidth detection. Two high speed 
photodetectors were used for the experiments. One is the New Focus 1404 
photodetector with 25 GHz bandwidth. The input of the detector is free spaced，so a 
critical alignment is required. The lock-in technique is employed for aligning the 
optical beam to the photodetector. To apply the lock-in technique, an optical 
chopper was used to chop the input optical beam which is focused on the sensitive 
area of the photodetector. The chopper controller is connected to a lock-in amplifier 
and the chopping frequency is used as the reference for the detection. By adjusting 
the alignment of the photodetector until a maximum value is obtained from the lock-
in amplifier. After the lock-in reading is maximized, the photodetector output is 
connected to a sampling oscilloscope. Owing to the photovoltaic effect, the 
alignment for the ac signal detection may not be maximized. Therefore, a further 
optimization is required to be done with the oscilloscope. 
The another is the New Fodus 1414 fiber-coupled photodetector with 25 GHz 
bandwidth. The optical signal is delivered to the photodetector through a single-
mode optical fiber. If the signal is output from the fiber, it can be directly connected 
to the photodetctor for the temporal detection. 
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3 2.2) Data acquisition 
The flow chart of using photodetector for pulsewidth detection is shown in 
Fig.3.5. The photodetector convert the optical signal into the electrical signal and 
then connect to a Tektronix CSA803 digital sampling oscilloscope with 20 GHz and 
40 GHz bandwidth sampling heads. A software package Lab VIEW for Windows is 
used for data acquisition. The Lab VIEW terminal is connected to the sampling 
oscilloscope through a IEEE-488 cables. After running the Lab VIEW programme in 
the Windows environment, data acquisition from the oscilloscope to the computer is 
achieved by selecting the program of 'CSA803，. The measured pulsewidth can be 
saved as text file which can be recognized by LOTUS or EXCEL. 
P * 25 GHz M Tektronix CSA 8031 腿 4 8 8 , | 
； w • ！ 
photodetector sampling scope ^ GPIB 
‘
 J interface 
board 
pulsewidth Labview : i ~ ~ I 
^ for computed ! 
Windows • L~ 
Terminal 
Fig. 3.5. The flow chart for the pulsewidth measurement by using a photodetector system. 
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3.2.3) Deconvolution of the measured optical pulsewidth 
The acutual pulsewidth can be deconvoluted as following [61]: 
^meaured = j 7 optical + ^photodiode + ^jitterl + 7 electrical 
where z"�pticai is the actual optical puslewidth; Tphotodiode is the impulse response of the 
photodiode; ^itter is the timing jitters; including turn-on delay time jitter of the laser 
diode; time jitter due to components such as synthesizer and amplifier etc; e^lectrical IS 
the impulse response of the sampling scope. The responses corresponding to the 
parameters are listed below [62]: 
1. Tphotodiode ( 0 . 4 / f 3 . d B ) = 0.4 / 25 GHz - 16 ps as the phototdiode has 25 GHz 
bandwidth at 3 dB point. , 
2. rjitter depends on the stability of the components used. 
3. Teiectricai = 17.5 ps，it is approximated by the rising time of the Tekronix SD-26 
sampling head. 
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Chapter 4. 
Self-seeding 830 nm laser diode 
using conventional grating method | 
4.1) Introduction 
In the past decade，much effort has been devoted to the studies of 
wavelength-tunable sources, for use in wavelength-division-multiplexing 
communication systems. Although the attention has been focused mainly on long J 
wavelength light sources which are suitable for long distance trunk communications, 
research at shorter wavelength around 830 nm is attractive for board-to-board and 
chip-to-chip optical interconnects. For long wavelength, singlemode operation is 
easily obtained by using distributed feedback (DFB) lasers in which the spectral 
control is performed by the grating structure. However, DFB diode lasers are not 
readily available in the short wavelength region ( � 8 3 0 nm) [43]. Generation 
singlemode pulses at 830 nm are demonstrated by active mode locking a F-P LD 
using external resonators with intracavity bandwidth control [44] or CW injection 
seeding of the pulsed laser with another single frequency source [43]. Recently, the 
self-seeding technique has been commonly employed to generate tunable singlemode 
pulses from a comparatively inexpensive Fabry-Perot laser diode under gain-
switching. However, self-seeding at a gain-switched 830 nm LD still have no detail 
investigation. In this part, experimental demonstration of self-seeding 830 nm 
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4.2) Design parameters 
In this self-seeding configuration, partly of the output from the gain-switched 
LD will be coupled to an external cavity which is terminated by a diffraction grating. 
The diffraction grating act as an optical filter to select different wavelengths back to 
the LD. Singlemode operation can simply be obtained when this filtered feedback is 
arrival back to the laser diode during the pulse buildup time of the LD. Therefore, 
the external cavity length and the grating orientation should be designed before 
performing the experiment. 
4.2.1) External cavity length 
Since the propagation time in the feedback path must be an integer multiple of 
the pulse repetition period, relations among external cavity length, the pulse 
repetition rate and the step size of the repetition rate change are followed: 
( 六 ) ， 。 （《I) 
= (4.2) 
where F is the repetition frequency of the synthesizer, AF is the smallest step of the 
pulse repetition frequency variation, n is the number of pulses circulating inside the 
external cavity, L is the external cavity length, is the effective group index of the 
medium (external cavity), and c is-the velocity of light. The operation parameters 
was selected as 
Ft GHz n A, (air) c, ms"1 
1 J 8 J 1 3*108 • 
Therefore the required cavity length was 120 cm and it allows the pulse repetition 
rate vary by steps of 0.125 GHz. Noted that the selected cavity length should be less 
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than the length of the optical table in order to avoid the complexity of the optical 
alignment, but it should be optimized to allow suitable pulse repetition rate variation. 
4.2.2) Grating orientation 
The geometry in Fig. 4.1 shows diffiaction of incident light by a reflection 
type diffraction grating. The angles of diffraction from a grating of groove spacing is 
governed by the equation: 
/w义=八(sin a + sin 广)， （43) 
where m is the order of dif&action, X is the operation wavelength, and A is the 
groove spacing of the grating, a is the incident angle, and P is the diffracted angle. 
These angles are measured from the grating normal. 
In the setup, the grating was mounted in littrow configuration in which the 
light is diffracted back toward the direction from which it came (i.e., a = P ^ 6). The 
relations between the emerging angle of the input beam and the operation wavelength f 
in littrow is followed as 
sin ^ = - , (4.4) 
2A 
where 0 is the emerging angle measured from the grating normal,. Since the 
operated wavelength was 83 0 nm, and a 1200 1/mm grating was used, the grating was 
mounted at 29.87° from the grating normal with the first order diffraction operation. 
grating normal 
a I 
I ；: Fig. 4.1. Diffraction by a 
\ ； y[ reflection-type grating. 
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4.3) Experiment 
4.3.1) Experimental setup 
The basic optical scheme is shown in Fig. 4.2 A commercial available 830 nm 
F-P laser diode was used for the optical source. It was gain-switched and coupled to 
a highly attenuating, selective external cavity. The r.f. power and the d.c. bias were 
26 dBm and 20 mA where the cw lasing threshold was 21 mA. The external cavity 
consisted of four optical elements. A microscope objective lens was used to 
collimate the laser diode beam and the collimated beam was split into two by a beam 
splitter. The optical output was collimated and was split into two beams. One of the 
beams was reflected back to the laser diode using a 1200 grooves/mm diffraction 
grating which served as a wavelength-selective element. The amount of optical 
feedback was controlled by an optical attenuator and was set to less than 1%. The 
output beam was monitored by using an optical spectrum analyzer and a 25 GHz 
bandwidth photodetector together with a digital sampling oscilloscope. The power of 
counterpropagating beams in the external cavity was measured by a Newport 835 
power meter with a picowatt resolution. 
R.F. D.c. 
I I Power 
Amplifier Y k M e t e r 
T 1 Lens V Attenuator 
“ 4 
Optical ^ A t Beam 
Spectrum Analyzer 夕 Splitter 
I 
Digital Sampling ^ 25 GHz 
Oscillscope Photodetector 
Fig. 42, Experimental setup for the generation and measurement of 
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4.3.2) Equipment Description 
1. Optical source: 
A low cost (Spectra diode Labs SLD-5311-G1) 830 nm GaAlAs laser diode was 
used. This laser diode combines a quantum well structure and a real-refractive-
index single lasing waveguide to provide cw power up to 100 mW and capable of 
.,. . . . I 
modulation rates greater than 2 GHz. The laser beam comes out from a 1 x 3 jim 
source size through a antireflection coated window. The laser diode was mounted 
at a three-axis precision stage and its electrical terminals was connected to a SMA 
connector with resistance matched to 50 Q. 
2. Microscope objective lens: 
Since the beam divergence and the source size was large, a objective lens with 
large Numerical Aperture is preferred. A 20 x microscope objective lens was 
used. 
* 
3 . Beam splitter: 
A non-polarizing 50:50 beam splitter was used. The beam splitter was AR coated 
at 830 nm. 
4. Attenuator: 
A Newport 925 B optical attenuator was used. The attenuation range and 
resolution of the attenuator were 0,01-3.0 ND and 0.02 ND, respectively. 
5. Grating： 
A Milton Roy 1200 grooves/mm reflection type diffraction grating was used. The 
diffraction grating efficiency at 800 nm were 74 and 90 % for S-plane1 and P-
* 
V 
1 S-plane represents the electric polarization vector parallel to grooves. 
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plane2 of light, respectively. The grating was mounted onto a Newport MM2 
optical mount which provided 7.5° rotational range and 5 arcsec resolution. The 
optical mount was posted onto a 360° rotational stage. In the experiment, the 
rotational stage and the MM2 were used for coarse and fine adjustment, 
respectively. 
4.5 Results and discussion 
With a fine adjustment on the tilt of the grating, different lasing wavelengths 
could be selected, Fig. 4.3 shows the measured SMSR against the seeded 
wavelength. A remarkably high SMSR of over 30 dB has been obtained in the range 
between 831.6 and 833.2 nm. This is the highest SMSR ever reported for a self-
seeded laser diode. If we define singlemode emission when the SMSR is larger than 
20 dB, the laser can be'successively tuned over 68 cavity modes from 828.6 to 836.2 
nm. The cavity length L relates to the mode spacing zU at L 二 A2 / 2juAX where ju is 
the effective group index. Since the measured cavity mode spacing is 0.11 nm and the 
effective group index is about 3.6, the estimated cavity length is about 870 jam. The 
longer length is needed to provide enough gain for high output power. 
35 I : — ； 
Q>0o 0 0 
I 3 � : J , “ 
-2 25 - 0 
i 0¾¾ °0 
I 2 0 - , ��� 
售 15 - o Fig. 4.3. A Plot of the side-mode-
•§ ^ suppression-ratio against the 
co 10 - . 
seeded emission wavelength. 
c ‘ ‘ —J 1 
827 829 831 833 835 837 
Wavelength (nm) • . 
2 P-plane represents the electric polarization vector perpendicular to grooves. 
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Fig, 4.4 shows the measured output spectra at different emission wavelengths. 
At the edge of the tuning curve, the spectrum shows a lasing mode with a 
background representing spontaneous emission of the laser. The SMSR was limited 
by the peak of the background. We found that the SMSR and the output peak power 
could be improved by employing a higher feedback rate or a larger operating bias. 
Around the center of the tuning range, the highest SMSR of over 31 dB was obtained 
and the output pulses had a relatively high power. To maintain a high SMSR 
throughout the whole tuning range, we can employ a higher feedback rate in seeding 
cavity modes around the edges. 
Fig. 4.5 shows a comparison on the output pulse without and with the weak 
optical feedback. The former signal is simply generated from the gain-switched 
multimode laser diode. The latter is a singlemode self-seeded pulse signal. We did 
not observe a significant difference in the pulse shape. However, the self-seeded 
. * I 
SMSR=14 dB « 丨 
836.74 nm i . 
A 
C? A J I FWHM=169 ps 
^ SMSR=28.6 dB | 1 
气 334.28 nm ^ ( a ) I V 
f d I \ : 
831.71 nm m^VhV ' ^ M V 1 ' ^ 
S J l ~ I 1 J 
公 (| SMSR=23.3 dB , ^ f \ 
1 _ _ _ _ f WwHM^TSps i : 
825 828 831 834 837 840 0 200 400 600 800 1000 j 
Wavelength (nm) Time (ps) j 
Fig. 4.4. Output spectra at different Fig. 4.5. Output pulses as measifed with a 
emission wavelengths. 25 GHz photodetector. (a)' without 
feedback, (b) with optical feedback. 
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pulse was measured to be 178 ps wide whereas that without feedback was 169 ps. 
Putting the values of � / t t e r = 10 ps, r — — = 16 ps, and r — = 17.5 ps into (3.1), 
the deconvolved pulse widths T0pucai in full width at half maximum are 176 and 167 
ps, respectively. Comparatively long pulse width generated from this laser can be 
attributed by its long cavity length which results long photon lifetime [40]. A change 
in the pulse width has also been observed by another research group [30]. It can be 
explained by a reduced variation of gain and a smaller frequency chirping in the 
generation of self-seeded pulses. Thus, unlike mode-locking, self-seeding has the 
effect of broadening the output optical pulses. In additions, the pulse width 
corresponding to self-seeding at different wavelengths did not observe a significant 
change. Since the differential gain is higher at shorter wavelengths, narrower pulse is 
expected in self-seeding at shorter wavelength. However, the wavelength tuning 
range of this laser was � 8 nm, the variation of differential gain might not be very 
large. In addition to the generated pulse is comparatively to board, the phenomena of 
pulse variation at different self-seeded wavelengths can not be observed. 
The average power Pavg was measured as 0.93 mW and the calculated peak 
power Ppeak was � 6 . 7 mW by using the relation of Pavg = F* Ppeak *Topticai. The low 
peak power of the pulse width was attributed to the large pulse width. Comparing to 
self-seeding a Q-switched 0.8 |im LD reported in [30], a relatively low peak power 
and wider pulse were obtained in our case. It is because a high initial inversion level 
can be easily accumulated using a fast saturable absorber in Q-switching, whereas a 
relatively low initial inversion level is obtained in gain-switching. However, it does 
not require specially fabricated devices and antireflection coating on the diode facet 
in our scheme; therefore, a low cost commercial available 830 nm LD can be 
employed to generate wavelength tunable picosecond laser pulse. 
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In summary, the generation of wavelength-tunable singlemode pulses from a 
commercially available 830 nm laser diode have been demonstrated. Over 68 cavity 
modes have been tuned with a SMSR greater than 20 dB. The results will find 
applications in WDM systems for short-link optical communications. 
: . : . . . . . . : v 
4-9 
Chapter 5. Self-seeding 1.3 pm LD using fiber optic configuration 
Chapter 5. 
Self-seeding 1.3 jLim LD using 
fiber-optic configuration 
5.1) Optimized operation of self-seeded laser diode 
5.1.1) General Description 
Comparing to self-seeding configurations, using a grating in the external 
resonator [21, 30] or a fiber optical Fabry-Perot filter in the optical loop mirror 
together with an EDFA to compensate the huge insertion loss [26,28], fiber-optic 
configuration [29] shows the advantageous of simple and stable. It consists a 
dispersion-shifted fiber (DSF), a 3 dB fiber coupler, and a polarization controller 
(PC). The output wavelength can be tuned electrically by adjusting the repetition 
frequency of the gain s\^tched laser diode. With this configuration, a tuning range of 
40 nm (SMSR > 20 dB) have been demonstrated by using a separate confinement 
InGaAsP structure with thin actiye region LD [29]. In this section, a commercially 
available 1.3 \xm F-P laser diode is gain-switched and self-seeded in a fiber-optic 
configuration [4]. The influence of feedback rate and of the electrical bias on the 
tuning characteristics has been studied. 
5.1.2) Components 
1. Dispersion-shifted fiber 
Since the DSF (zero dispersion at 1.55 jim) in the feedback loop provides 
different dispersion for the wavelengths in a feedback pulse, individual longitudinal 
mode contents in the feedback pulse will be separated with the time interval exactly 
matching the wavelength interval of the laser [46]. Hence longitudinal modes in a 
feedback pulse have different round-trip time with the same external cavity as shown 
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in Fig. 5.1. Therefore, wavelength selection can be obtained by slightly tuning the 
pulse repetition frequency until it is the multiple of the time different between two 
neighboring cavity modes. 
» . time - 0 
八 i yAa ^ 
Xl ) Fig. 5.1. Temporal separation 
^ ^ - T I I two neighboring cavity modes 
in a feedback pulse. 
Dispersive medium 
The empirical formula of the wavelength tuning rate {AX /AF) of the system is 
derived below: 
• c = velocity of light at vacuum 
• D = Dispersion coefficient at operating wavelength Ao 
• F = Repetition frequency of the synthesizer 
• /round = Round-trip frequency of the cavity (LD cavity + external cavity �external 
cavity) 
• AF = frequency detuning for neighboring mode selections 
• Number of pulse circulating in the fiber loop 
• n(X) = reflective index at wavelength X 
• no = effective group index �1 .4718 
• At = Pulse separation between two neighboring cavity modes 
/ — ( 义 ) 二 风 灿 ( 5 1 ) 
N 二 丄 (5 .2) 
fround 
A , = ( _ I — 1 ) (5.3) 
f round ( 义 1 ) f round ( 义 2 ) 
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^ f f r � D =蚤 , (5.3.1) 
N 
F -AF 
then = (5.3.2) 
N 
Put (5.2) into (5,3) 
= i — - - ) (5.4) 
KF-AF FJ 
or simply 
2 V , (5.5) 
CP - AF) c 
Assume constant cavity mode spacing and near constant dispersion coefficient， 
D = (5.6) 
From (5.5) and (5.6) 
AX _ n0 + DcAX (5 7) 
AF~ DcF\ 
or 
^ j n n . lx lO- 6 zip , (5.7.5) 
AF kHz F Dcxlx 10"15 
or ^ 
丛(丘 ) =丄(一 ” � q ) | - (5.8) 
AF kHz F DcxlxlO'9 \ 
as —— 
Dc xlxl0~15 
where F : GHz, n0 : unitless, D : ps/nm/km, AA: nm. Note that the tuning rate 
depends on the dispersion coefficient of the fiber and the pulse repetition frequency 
but is not critical by the fiber length. From (5.1) and (5.2), the relations between 
pulse repetition frequency and fiber length is given by 
F L : 主 , (5.B.1) 
2n(X) 
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where N should be integer. Since there is no physical difference in self-seeding the 
LD by the previously emitted pulse or by a pulse emitted N pulses before [42], the 
product of F and L can be changed in quantized step. 
By taking the values o f F = 0.1，n0 = 1.4718，D = 17 ps/nm/km at 1.3 \im, 
and AJl = 0.69 nm, then At =37.5 ps and the wavelength tuning rate (AX /AF) = 2.89 
nm/kHz. 
2. Optical loop mirror 
In fiber-optic 'configuration，an Optical loop mirror (OLM) is used to control 
the ratio between feedback and output A OLM is composed of a 3 dB fiber coupler 
and a polarization controller, which is formed by joining the two output ports of the 
fiber coupler and wounding one output port's fiber in loops around the disk of the 
polarization controller. Fig. 5.2 shows the schematic of a OLM which is firstly 
A 
proposed by Doran et al. [45]. 
Polarization 
Eoi Ei Ee Es Controller 
H b e r ^ 乂L。。p 
Eoi Coupler Es E [ 
Fig. 5.2. The schematic of a optical loop mirror. 
A single input Ej is split into two couterpropagating fields, which travel along 
a fiber loop L with a polarization controller and then return in coincidence to 
recombine at the coupler. Since the fiber core is small ( � 5 0 jim2)，it results a high 
electric filed confinement. When an electric field propagates along a fiber, a 
nonlinear phase is induced by the self-phase modulation (SPM) effect. The phase 
U 
shift acquired after the electric field E propagating along a piece of fiber L is given by 
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, = (5.9) j 
where n2 is the Kerr coefficient of the fiber. If the fiber coupler with power coupling 
ratio a : 1-a and a 本 1/2，the phase shift of two counterpropagating fields after 
traveling around the loop L are different. Because the coupler is phase sensitive and 
responds to differences in phases between two overlapping fields, the output of the 
loop mirror can be controlled [45]. The power coupling ratio of commercial 
available optical fiber coupler is usually unequal (i.e. a 本 1/2). Therefore, they can be 
conveniently employed for the optical loop mirror. 
The equations [45] connecting the input and output field are 
E3=a^Ex, (5.10) 
i 
EA =i(l-a)lEv (5-11) 
After they travel around the loop length L, the fields become E5 and E6, and given by 
尽 = a ‘ i e X p [ / a | 尽 + 么 ) ] ， （5.12) 
A 
1 L 
E6 =i(l-ayEl exp[/(l- ( - - ^ - + (5.13) 
A 
where 办 and ¢2 are the phases acquired during travel through the polarization 
controller. Since E3 and E4 counterpTopagate, ¢1 and ¢2 may not be equal. By putting 




The output at port 2 is given by 
u 
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I 五。212 =丨足 I2 (1 - 2 a ( l - a){l + cos[阵 f ((1 - + 矣） 
( 5 . 1 6) 
If no polarization controller is added to the loop mirror, (j>i= ¢2^ 0，all the power 
emerges from port 2 whenever 
2 m 2 \ E ^ L = z m _ E _ (5.17) 
A 
for m = odd. Minimum power occurs if m is even. Therefore, optimization of 
incident optical power and fiber length is critical for the operation of the optical loop 
mirror. If a polarization controller is added, ¢/,鈐 #0，the power emerges from port 
2 are maximum or minimum 
(1 — 2 a ) 2 m ^ L - [ ( 1 -d)(j>2 - a ^ ] = m7r, (5.18) 
for = odd or w = even, respectively. However,办 and ¢2 can be varied by adjusting 
the angles of the three disks of the polarization controller. Hence, the ratio of the 
reflection and the output of the optical loop mirror can be simply controlled by 
adjusting the polarization controller. 
5.1.3) Experimental setup 
The experimental setup is illustrated in Fig, 5.3 and photo #1, An OKI 
OL360A-5 high coupling pigtailed F-P laser diode at 1.3 Jim was used as the optical 
source. Cavity mode spacing of the laser was 0.69 nm. Gain switching was achieved 
by driving the laser with a train of 130 ps electrical pulses at 100 MHz. The pulses 
were generated from a HP 33002A comb generator with a RF input (24 dBm) 
supplied by a HP 8657A frequency synthesizer together with a MCL ZHL212 24 dB 
gain power amplifier. The output was coupled with a dc current generated by ILX 
LDX-3412 using a HP 33150A microwave bias tee. The combined signal was then 
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Frequency 24 dB — Comb Impedance L a s e r 
Synthesizer Amplifier Generator B i a s T e e Transformer ^。加 
( ¾ — — ^ > — ^ = = 3 卩 � ; - ] > I — ~ K 1 ~ ^ 
J
 ‘ ！ 
T . D. C. Bias U c l Trigger ^ ^ 
.、劣 . . Beam Splitter | L J 结 F 
Optical ^ M M B ^ H M ^ . fl c2 
Spectrum Analyzer “ \ l 
^ zTK 3 dB Fiber 
？ v i l / Coupler 
^ TT 
""“' c4 D c3 
Digital Sampling < High Speed I 
Oscillscope Photodetector ^ ^ g 
L , Polarization 
Controller 
Fig. 5.3. Experimental setup on the generation and measurement of optical pulses from a self-seeded 
gain-switched F-P laser diode. 
j 
m 舅 . ^ m 
I K l k ^ : ' v j - 龜 _1111111 - " R - > _ 晒 _||| I I _ I I I •圓•• 
• r .：卿 1 “""—BWWIWHiUBiBIIIIIBIIPIPPiWp^ l 
Photo #1. Experimental setup of the fiber-optic configuration. 
5-7 
Chapter 5. Self seeding 1.3 /jm LD using fiber optic configuration 
,::•“� “ 
• 
fed to the laser through an exponentially tapered transmission line transformer. It 
provided impedance matching between the feedline and the laser, and improved the 
electrical coupling efficiency. 
The laser pigtail was connected to a 1.6 km DSF with a dispersion coefficient 
of-17 ps/nm/km at 1.3 \xm. Neighboring longitudinal modes in the feedback signal 
were separated by 37.5 ps after their propagation in the DSF, Comparing with the 
work in Ref. 29，a longer DSF was used. Hence, the temporal separation between 
neighboring modes was larger in our case. It has the advantage of relaxing the 
requirement on the tight control of timing for the generation of single mode pulses. 
A better wavelength tunability can then be achieved. This is particularly important 
for wide feedback pulses, in which several longitudinal modes might temporally 
overlap. The feedback loop was completed by joining the fiber to a fiber loop-
reflector, which was composed of a 3 dB fiber coupler (Canster ES4-G-1300) and a 
polarization controller (BT&D 3MPC1000). The power coupling ratio of the coupler 
is 0.491 : 0.509. Three loops of optical fiber is wound onto each disk of the 
polarization controller to provide maximum degree of freedom on polarization 
transformations. The relative proportion of optical output to the feedback could be 
controlled by adjusting the polarization of light which would affect the splitting ratio 
of the fiber coupler. The output signal was characterized with a HP 70951A optical 
spectrum analyzer with 0.1 nm resolution and -66 dBm sensitivity. Temporal shape 
of the output pulse was measured with a high speed photodetector and was then 
analyzed on a Tektronix CSA803 digital sampling oscilloscope with a 20 GHz 
sampling head. 
5.1.4) Feedback rate measurement 
The feedback rate was determined by measuring the optical power'at the 
nodes cl, c2，c3, c4, and c5, which were defined in Fig. 5.3. The loss in the DSF, the 
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fiber coupler，the polarization controller, and the connectors were all taken into 
account. 
Let 
E = output power from laser diode, 
C - output power from 1.6 km DSF, 
A = output power from one arm of the coupler with polarization controller, 
B - output power from another arm of output coupler, 
D = output power from the self-seeded gain-switched laser diode, 
then 
(万一 A) 
Polarization controller loss, Lpc 二 — - , . (5.19) 
(C* IE) 
Optical coupler loss, Lcoupler = ~ - ~ ， （5.20) 
Dispersion-shifted fiber loss, LDSF - ， (5.21) 
Joj 
and the feedback rate ‘ 
F R =((万 X (1 - � + A ) X ( 1 - 一 D ) X xlOO %.[ (5,22) 
E _] 
5.1.5) Results and discussions 
Electrical output from the frequency synthesizer was tuned in steps of 10 Hz. 
Single longitudinal mode output was obtained when the repetition frequency of the 
optical pulses was close to an integer multiple of the round trip frequency in the 
feedback loop. Different cavity modes were selected by a slight electrical tuning of 
the frequency. From the fiber length and the effective group index, we estimated that 
there were about 1575 pulses circulating in the loop. The number corresponds to a 
tuning frequency of 240 Hz for the selection of adjacent cavity modes. It agrees 
quite well with our experimental result of 2.4 nm/kHz tuning rate. The output power 
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from different parts as defined from (5.9) to (5.12) were measured and listed in Table 
Table 5.1, List of measured output power at diiBerent parts, ‘ 
7(mA) E(\xW) C(uW) A (uW) B ( _ D ([iWj F.R (%) 
3.1 25.3 13.95 5.94 6.22 10.38 0.5 
3.1 25.3 13.95 5.94 6.22 9.45 2.5 
3.1 25.3 13.95 5.94 6.22 6.21 9.6 
3.4 43.15 23.99 10.05 11.00 18.09 0.5 
3.4 1 43.15 23.99 | 10.05 11.00 | 16.54 2.5 , 
Fig. 5.4 shows the SMSR of the output pulses versus wavelength detuning for 
three different feedback rates at 0.5 %, 2.5 %, and 9.6 %. The d.c. bias was set at 
3,1 mA whereas the threshold current for cw-operation was 16 mA. It was observed 
. * 
that the tuning range increased with the feedback rate. If a cavity mode is defined as 
being tuned when the SMSR is larger than 10 dB, the tuning ranges for the three 
30 I ； 
Q O 
. ..一 O o Q 
m 25 - � «i 1 \ . • ° 
•O „ . 雇.舊 《 • — ° • . I 
c: I ° 
-2 20 - � . ° . 这 。 
§： 15 _ : • 
w � • • • • • 
f 10 - • / • A 0.5 % 
E • 
•S 0 > 2.5 % 习 5 _ 
• 9.6 % 
0« 1 ‘ 1 1 1 
1280 1285 1290 1295 1300 1305 1310 
Wavelength (nm) 
* 
Fig. 5.4. Sidemode suppression ratio of the dominated mode as a function of wavelength detuning. 
The d c. bias is 3 .1 mA and the feedback rates for the three sets of data are 0.5 %, 2.5 %，and 9.6 %. 
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cases are 5.4 nm, 16.9 nm and 23.5 nm, respectively. Obviously, the SMSR is 
highest around the spectral gain maximum of the laser. At wavelengths further away 
from the maximum, the emitted light intensity is weaker and thus a larger feedback 
rate is required to seed a cavity mode. It accounts for the increase in tunable modes 
near the edges of the range as the feedback rate was increased. 
The improvement in the SMSR was significant when the feedback rate was 
changed from 0.5 % to 2.5 %, whereas the effect becomes weaker when it was 
increased from 2.5 % to 9.6 %. It suggested that the seeding of longitudinal modes 
might exhibit a saturation behavior with the feedback field. Another interesting 
observation was that multiple modes were selected around the gain maximum when 
9.6 % feedback rate was used. About 5 cavity modes centered at 1295.7 nm 
corresponding to 3.3 nm detuning range suffered from this phenomenon. 
Consequently, the SMSR around the center of the range dropped rapidly at high 
feedback rate，as was shown in Fig. 5.4. The highest SMSR of 27.4 dB was obtained 
at a wavelength of 1302.5 nm. The effect is caused by gain saturation of the seeded 
mode and gain sharing to neighboring longitudinal modes at high feedback rate. An 
additional factor for the selection of multimodes with a broadened feedback pulse 
was caused by the upchirping and downchirping effects during pulse build-up and 
emission [30]: 
The optical pulse width at 0.5 % feedback was measured to be � 5 0 ps but it 
became greater than 80 ps at 9.6 % feedback. In the self-seeding process, the 
feedback field will compete with amplified spontaneous emission to generate gain-
switched pulses from the laser. With the optical feedback, the laser is driven over the 
threshold more rapidly. Accordingly, the pulse build-up time is reduced. Comparing 
to the case without feedback, the fluctuation in the number of electricalu carriers 
becomes smaller. It leads to a smaller change of refractive index during pulse build-
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up and emission. A reduction in frequency chirping as well as a temporal broadening 
of the pulses is thus expected. The effect is stronger for a higher feedback rate. 
Self-seeding of the laser was also performed at an electrical bias of 3.4 mA. 
Fig. 5.5 plots the SMSR of the output signal versus wavelength for feedback rates of 
0.5 % and 2.5 %. As was similar to the case of 3.1 mA bias, a wider detuning range 
with a higher SMSR was obtained using a higher feedback rate. The characteristics 
of multimode selection was again observed but here it occurred at a smaller feedback 
rate of 2.5 %. It is clear that a higher dc bias will produce a stronger gain-switched 
pulse [45]. For a given feedback rate, the feedback field is enhanced which will cause 
gain saturation of the seeded mode and gain sharing to neighboring longitudinal 
modes as described in the previous paragraph. Thus, several longitudinal modes 
were selected at the center of the range. 
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Fig. 5.5. Sidemode suppression ratio versus wavelength detuning at 3.4 mA bias. The data are 
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Fig. 5.6 depicts the optical spectra of the gain-switched pulses when they 
were seeded around the gain maximum at 2.5 % feedback rate. The electrical bias in 
(a) and (b) were 3.1 and 3.4 mA, respectively. Single mode selection could be 
achieved in the former case by tuning the repetition frequency. However, multimode 
emission was always obtained when the bias was increased to 3.4 mA bias. The 
difference in the lasing wavelengths was caused by a slight re-adjustment of the pulse 
repetition frequency in the measurements. 
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Fig. 5.6. Output spectra showing the effect of electrical bias on self-seeding around the gain 
maximum at 2.5 % feedback rate (a) 3.1 mA bias, (b) 3.4 mA bias. Note that at 3.4 mA bias, single 
mode selection cannot be obtained and the spectral peak shifts to a shorter wavelength. The optical 
intensity is plotted on a logarithmic scale. 
Fig. 5.7 shows the spectral characteristics of the gain-switched pulses 
obtained by self-seeding a cavity mode at 1297.7 nm. In (a), the laser was biased at 
3.4 mA and the feedback rate was 0.5 %. A SMSR of 12.5 dB was obtained. 
Improvement was realized by optimizing the feedback to 2.5 %, in which case the 
SMSR increased to 23.8 dB. The output spectrum is shown in (b). We noticed that 
some neighboring cavity modes were also amplified by the feedback field. In order to 
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minimize the side modes, it was necessary to reduce the applied electrical bias. At 
3.1 mA bias, we obtained the highest SMSR of 25.4 dB. The optical spectrum with 
this optimized feedback rate and electrical bias is depicted in (c). A corresponding 
tuning range of 23.5 nm with a SMSR >10 dB was achieved with this optimized 
operating condition. 
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Fig. 5.7. Output spectra at different operating conditions for the self-seeding of a cavity mode at 
1297.7 nm (a) 3.4 mA bias with 0.5 % feedback, (b) 3.4 mA bias with 2.5 % feedback, (c) 3.1 mA 
bias with 2.5 % feedback. The highest SMSR is found in (c) where both the feedback rate and the 
electrical bias has been optimized. The optical intensity is plotted on a logarithmic scale. 
In summary, self-seeding of a gain-switched F-P laser diode at 1.3 \xm has 
been demonstrated. It was found that the SMSR and the tuning range increased with 
both the feedback rate and the electrical bias. However, if the feedback or the bias 
was too large, multimode emission might occur. In our set-up, 2.5 % feedback and 
3.1 mA bias provided the optimized operating condition to generate single mode 
pulses with large tuning range, good tunabililty, and high SMSR. 
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5.2) Electrical bias dependence on the self-seeded LD 
In this section, the electrical bias dependence of sidemode suppression ratio 
and pulsewidth in self-seeding is studied. A comparatively short pulse and high 
sidemode suppression (SMSR) ratios were obtained with electrical bias. However, a 
degradation of SMSR was occurred when the bias current was too large. The 
pulsewidth corresponding to different seeded wavelength and that traveled along a 
1.6 km DSF are also investigated. 
The.experimental setup and wavelength tuning procedure are same as that 
described in section 5.1 except the laser was gain-switched at 1 GHz by strong 
current modulation. When a cavity mode was self-seeded, the d.c. bias was changed 
with a step of 1 mA. The corresponding optical spectra and pulsewidth were 
measured by a HP 70951A optical spectrum analyzer and an INRAD 5-14LD second 
harmonic autocorrelator.' 
The R.F. power was set at 28 dBm, and the d.c bias was changed from 9 to 
14 mA. The self-seeded wavelengtH was kept at 1288.98 nm. Fig. 5.8 shows the 
SMSR and the deconvolved pulsewidth with self-seeding or in the absence of 
external cavity. The autocorrelation traces are fitted with various profiles. The trace 
is best described by a Hyperbolic-secant square waveform in the absence of external 
cavity. However, the traces corresponding to self-seeding are best described by a 
Lorentzian profile. During the optical pulse emission under gain-switching scheme, 
the stimulated emission depleting the carrier density and results the refractive index 
change. It leads to wavelength increases along the emitted pulse (red chirping). 
When a tanh-chirped Hyperbolic-secant square pulse travels along a dispersion 
medium providing a opposite chirped sign for the pulse, it will be transformed to have 
a Lorentzian shape [27]. 
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Fig. 5.8. Sidemode suppression ratio and deconvolved pulsewidth with self-seeding and without 
self-seeding versus electrical bias. 
Since the seeded pulse in the fiber-optic configuration is required to travel along a 1.6 
km dispersion-shifted fiber before output, and the fiber shows an opposite chirp sign 
to the pulse, its pulse shape was changed to be fitted by a Lorentzian profile. The 
deconvolved pulsewidth of the gain-switched LD is decreased significantly from 48 
to 36 ps when the d.c. bias is increased from 9 to 14 mA. This effect is realized by 
increasing peak inversion level with electrical bias [36]. When self-seeding is 
implemented, the pulsewidth is reduced from 33.9 ps to 18.82 ps over the d.c. bias 
change In the self-seeding process, the feedback field will compete with amplified 
spontaneous emission and drive the laser over the threshold more rapidly. It leads to 
a smaller change of refractive index during pulse build up and emission. A reduction 
in frequency chirping as well as a temporal broadening of the pulse is thus expected. 
However, the counteracting factor, larger carrier overshoot is occurred when d.c. 
bias is increased. The second factor seems dominant, therefore pulsewidth reduction 
is observed. Comparing with gain-switching solely，shorter pulse is generated by 
using self-seeding. It is believe to be caused by chirping compensation in the DSF 
• 
with normal dispersion. The SMSR is increased with the electrical bias but it 
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becomes maximum at 11 mA and have a degradation when d.c. bias is further 
increased. It accounts for gain saturation of self-seeded cavity mode and gain sharing 
to neighboring modes. 
When the d.c. bias was adjusted to 15 mA or higher, multi-longitudinal mode 
emission similar to that observed in section 5.1 was observed. However, the LD 
could still emit singlemode pulse at 15 mA d.c. bias when the RF power was 
decreased to 24 dBm. The SMSR of the output spectra and the deconvolved 
pulsewidth were 13.65 dB and 27.1 ps, respectively. 
Different cavity modes were electrical tuned by adjusting the repetition 
frequency. The RF power and d.c. bias were set at 24 dBm and 15 mA. The output 
pulse was further launched into a 1.6 km DSF. The pulsewidth corresponding to 
before and after traveling along an additional 1.6 km DSF are shown in fig. 5.9(a) 
and (b), respectively. It'is found that the pulsewidth is significant changed from 18.6 
ps at 1285.5 nm to 32.7 ps at 1296.1 nm. Differential gain of the LD is higher at the 
shorter wavelength side and decreases linear with increasing wavelength [46]. 
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Fig. 5.9. A plot of pulsewidth versus wavelength (a) without fiber compression, (b) with 1.6 km 
DSF. 
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Since, the generated pulsewidth decrease with higher differential gain [6], shorten 
pulsewidth is resulted at shorter wavelength side. This effect is also observed in ref. 
[27]. After traveling along an additional 1.6 km DSF, the self-seeded pulse is 
compressed. The pulsewidth is changed from 8.5 ps at 1285.5 nm to 20 ps at 1296.1 
nm. 
Fig. 5.10 shows the autocorrelation traces for three cases. In (a), a gain-
switched pulse was obtained in the absence of external cavity. The deconvolved 
pulsewidth is 38.7 ps which is best fitted to a Hyperbolic Secant Square waveform. 
• . ' . . . . . , • . . ' ' • • 
The spike-like substructure are caused by the interference of the randomly phased 
longitudinal laser modes and the transient shift of the envelope of the mode spectrum 
[46]. The substructure disappears when the laser is operated in singlemode emission 
as in other traces. The trace corresponding to self-seeding at 1285.5 nm is shown in 
(b). The trace is best fitted to Lorentzian shape and the deconvolved pulsewidth is 
18.6 ps. The associated 3 dB frequency linewidth was measured to be 85.3 GHz, 
yielding a time-bandwidth product of 1.-59. 
I 1 
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g / \ I Fig. 5.10. Autocorrelation traces of 
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W ( c ) I \ (b) self-seeded at 1285.5 nm, the FWHM 
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V ^ W ^ V X n compressed by a 1.6 km DSF, the 
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In (c), the time-bandwidth product is reduced to 0.73 for the compressed pulsewidth 
8.5 ps. The corresponding compression factor is 2.2. Because of the connector loss 
in the experimental setup, and lacking of a long DSF ( � 3 to 4 km), optimized fiber 
length for the shortest pulse was not be determined. However, the time-bandwidth 
product of the compressed pulse is still far from the transform-limit, 0.22 for 
Lorentzian lineshape, therefore, a shorter pulse is predicted to be obtained for using a 
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5.3) An efficient scheme to improve tuning range and 
provide continuous tuning 
5. 3.1) General Description 
The wavelength tuning range of a self-seeded laser diode is determined mainly 
by the configuration and the characteristics of the laser diode. In general, less than 
20 nm can be tuned for a commercial F-P laser diode. In this section, we report on 
the improvement of the tuning range and the demonstration of continuous tuning by 
combining both electrical and thermal control on the laser. Unlike previous 
experiments, the tuning is performed at a range of temperatures. 
5.3.2) Principle of thermal control scheme 
The principle of mode selection under thermal tuning is shown in Fig. 5.11. 
The phase condition requires that an integer multiple of half waves fits into the laser 
resonator. A corresponding comb spectrum is shown schematically in (a). The 
wavelength spacing of the modes is reciprocal to the cavity length. Besides, the 
effective optical gain of the laser determines the lasing wavelength. 
(a) 1 丨 丨 丨 丨 I 
Ti T2 
(b) , 
/ 7 \ \ Fig, 5.11. Mechanism of wavelength 
‘ ’ selections with thermal tuning. The comb 
mode spectrum of the laser resonator is 
Ti illustrated in (a) and the gain curves for two 
( c) I I different operating temperature are shown in 
(b). The resulting mode spectra are plotted in 
_ J/Vi (c) and (d). Note that the wavelength does not 
X2 ^' 
(d) emitted at Ti can now be selected at T2. 
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义 舰 二 义 0 + ^ ^ + 风 （5.26) 
nth . 
A m =A 0 -mAA, (5.27) 
nth - n 0 + ， （5.28) aTp 
where � 
nth = threshold carrier concentration neglecting spontaneous terms, 
no - carrier concentration required to reach transparency, 
n = carrier concentration 
* 
a = temporal modal gain constant, 
Xm - mth mode wavelength, 
Xnax = peak gain wavelength, 
AX = mode wavelength spacing, 
AXg = related to the FWHM of the gain spectrum, 
k = - nth(dAmJdn) = constant. 
Since a and n decrease with increasing temperature, it leads to nth increase. From 
(5.24), peak gain wavelength 知似 also increase with temperature. As a result, the 
gain curves shift towards longer wavelength and displayed schematically in (b). The 
corresponding mode spectra in the lasing operation are shown in (c) and (d). 
Wavelength at which does not emitted at temperature Tj can now be self-seeded at 
T2. Hence, a large tuning range is obtained. 
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5.3.3) Experimental setup 
The experimental setup is illustrated in Fig. 5.12. The configuration is similar 
to the one described in section 5,1 except that a temperature control circuit is now 
added. In the experiment, an OKI OL360A-5 1.3 um F-P laser diode module with 
internal thermistor and thermoelectric cooler was employed as the optical source. 
The gain-switching condition had slightly different now when comparing to that in 
Section 6.1. The laser was gain switched at around 1 GHz by strong current 
modulation. The RF power and d.c. bias were set at 28 dBm and 11.5 mA, 
respectively. Singlemode operation of the laser diode was achieved by tuning the 
frequency of the synthesizer until it became an integer multiple of the round trip 
frequency in the external cavity. Different cavity modes were selected by slight 
tuning of the electrical driving frequency. The wavelength selection process was 
performed at a range of operating temperatures. AN.E.P. TC2 thermoelectric cooler 
controller was used to regulate the operating temperature by using a proportional and 
* 
integral control loop. 
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Fig. 5.12, Experimental setup on the generation of picosecond optical pulses from a thermally 
controlled self-seeded gain-switched laser diode. 
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Loop gain and integral term of the temperature controller was adjusted to optimize 
the thermal response time. The control stability of the controller is better than 0.1 
°G. To change the operating temperature of the LD is simply by adjusting the 
corresponding potentiometer until the resistance value of the thermistor at the 
required control temperature was reached. The relations between the temperature T 
and the resistance R is governed by 
灭(:O = e X p [ 4 0 0 0 . - & ) ] ， (5-27) 
where R is in 10 KQ and T is in Kelvin, K. The output optical pulses width are 
measured by using an INTIAD 5-14LD second harmonic autocorrelator with 0.1 ps 
time resolution and 168 ps full scan range. The optical spectra was characterized 
with a HP 70591A optical spectrum analyzer. 
5. 3.4) Results and Discussions 
Fig. 5.13 shows the electrical tuning characteristic of lasing wavelength at 
different temperature. The operating temperature is range from 283 to 307 K, 
Different markers are corresponding to wavelength-tuning at different operating 
temperature. 
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Fig. 5.13. Electrical tuning of wavelengths at different temperatures. 
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Tuning curves are best described by straight line with a slope of about 0.27 nm/KHz 
which agrees with the estimated value (0.289 nm/KHz) from the pulse repetition 
frequency, dispersion coefficient and the effective group index by (5.8). The linear 
relation is due to constant mode spacing and near constant dispersion coefficient. 
Note that neighboring tuning curves are partly overlapped, it indicate that the tuning 
process can be successively over a range of temperature. 
The sidemode suppression ratio (SMSR) of the optical output versus the 
wavelength at different temperatures is illustrated in Fig. 5.14. If singlemode 
operation was defined when the SMSR was higher than 20 dB, the laser could be 
successively tuned on 18 cavity modes at 283 K, which corresponded to 12.65 nm. 
The tuning range was shifted to longer wavelength side with the operating 
temperature and was greatly enhanced to 25.35 nm when the selection process was 
performed over a range of 24 K from 283 to 307 K. The fluctuation in SMSR shown 
in Fig. 5.14 is belieyeci to be caused by the unoptimization of the repetition 
frequency. Comparatively lower SMSR was obtained at higher temperature. It is due 
to decreasing the differential gain of the LD, which results less feedback field for self-
seeding. It was found that this effect can be minimized when the d.c. bias is increased 
for higher temperature. 
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Fig. 5.14. Sidemode suppression ratio versus wavelength at different temperatures. 
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The output spectra showing the selection of wavelengths at several operating 
temperature are illustrated in Fig. 5.15. Figures are plotted in logarithm scale and its 
operating temperature and SMSR are labeled. From the figures, it is clearly that the 
emission gain spectra shift with temperature. Wavelengths corresponding to the edge 
at one temperature will become to the center of it at other temperature, so the tuning 
range is extended. The corresponding gain peaks at different temperature are listed 
in Table 5.2, 
Table 5.2. A list of gain peak shifting with temperature. 
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Wavelengths between two neighboring longitudinal modes can be accessed by 
precise control of the temperature. We observed a thermal tuning rate of 0.101 
nm/K. Quasi-continuous tunings between two cavity modes were obtained by 
varying the temperature over 8.9 K. Its characteristic is shown in Fig. 5.16. The 
resolution of the temperature controller is better than 0.1 K，therefore, 0.1 A 
wavelength tuning is achieved. The wavelength switching speed depends on the loop 
control circuit of the temperature controller, which results different thermal response 
curve. In this experiment, the switching time corresponding to 0.1 A was less than 
ten seconds. It is possible to switch faster, if the loop gain control of the temperature 
controller is optimized or a temperature controller with faster response time is used. 
1 卜 八 
一 一 一 一 — y 
O j v • 
J \ Fig. 5.16. Quasi-continous 
一 wavelength-tuning characteristics. 
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The optical pulsewidth is measured with an second harmonic autocorrelator. 
Fig. 5.17 shows the pulsewidth dependence on the operating temperature. The 
autocorrelation traces are fitted with various profiles. The trace is best described by 
a Hyperbolic-secant square waveform in the absence of external cavity as in (a), but 
the traces corresponding to self-seeding at different temperature as in (b)-(f) are best 
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described by a Lorentzian profile1. In the absence of external cavity as in (a), the 
deconvolved pulsewidth is 39 ps. The pulsewidth decreases to 29.4 ps when self-
seeding is used as in (b). Both (a) & (b) are operated at 283 K. The compression is 
believed to be caused by chirping compensation in the DSF. When the operating 
temperature of self-seeding is increased to 291 K，the pulsewidth is broadened to 
32.7 ps as in (c). It is attributed to decrease the differential gain of the LD when 
increasing the operating temperature. The pulsewidth boarder effect is compensated 
when the optical gain of the LD is enhanced by increasing the d.c. bias from 11.5 to 
12 mA. The corresponding trace is shown in (d). Comparable pulsewidths are also 
observed at 299 and 307 K by adjusting the d.c. current to 14 and 17 mA, 
respectively, and shown in (e) and (f). Comparing to section 5.2, wider self-seeded 
pulsewidth is observed. It is attributed to higher feedback rate in this experiment. It 
leads to downchirp reduction and pulse boarding effect [30], 
i f . . 
台 J \ • j' • Fig. 5.17. Autocorrelation traces of 
I \ ‘ self-seeded pulses at different 
-g • / \ . ] operating temperature. At 283 K 
^ ( d ) / \ and 11.5 mA (a) in the absence of 
工 / ^ ^ ^ external cavity, the FWHM is 39 ps, 
0 0 ( e ) / f \ \ (b) with self-seeding, the FWHM is 
J L ^ J \ • 29.4 ps. At 291 K (c) 11.5 mA, the 
rrs / \ FWHM is 32.7 ps, (d) 12.5 mA, the 
J ^ ^ ! FWHM is 29.5 ps. The FWHM is 
n . 面 • »1 about 29.5 ps for (e) at 299 K and 
-84 -42 0 42 84 14 mA, (f) at 307 K and 17 mA. 
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1 This effect has been discussed in section 5.2. 
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As a summary, an efficient scheme to improve wavelength tunability and 
provide continuous tuning of self-seeded gain-switched F-P LD has been 
demonstrated. In our setup, wavelength tuning is enhanced by 100 %. This scheme 
can also be adapted to other self-seeding configurations, which will be shown in 
chapter 6. 
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Chapter 6. 
A novel self-seeding configuration 
Since the DSF usually exhibits zero dispersion at 1.55 |im and the 3 dB fiber 
coupler operating at 1.3 \xm are not suitable as a loop reflector at 1,55 \xm because 
the splitting ratio shows large difference at two arms, the fiber-optic configuration as 
described in chapter 5 can hardly be used both in 1.3 and 1.55 \xm without changing 
components; In this work, we demonstrate a novel configuration for electrically 
wavelength-tunable picosecond pulses generation. This setup is comparatively 
simple, more stable and avoiding any wavelength-selective element such as grating or 
fiber Fabry-Perot filter and no optical fiber loop mirror required. It also allows to 
operate both at 1.3 and 1.55 \xm. It consists of a highly dispersion-shifted fiber 
(HDSF) connecting to a polarization controller (PC), and a single-mode fiber in 
which its end coated \Vith a thin thickness gold. Electrical and thermal controlled 
wavelength-tuning scheme which is discussed in section 5.3. has also been used in 
this configuration for wider tuning range. 
6.1) Principle 
In this self-seeding configuration, the output of a gain-switched LD is coupled 
to a HDSF which is connected to a standard single-mode fiber coated with a thin 
thickness of gold onto its end. The gold-coated fiber end is used as a semi-
transparent mirror. When the light is incident on this fiber-mirror, a portion of the 
optical signal is reflected towards the LD, and the rest is outputted. As discussed in 
/ 
L 
1 This work is co-operated with Mr. W. K. Yuen, a undergraduate student in the Electronic 
Engineering Dept. of CUHK, except the aspect about the scheme for wider the tuning range. 
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section 5.2，HDSF in the feedback path can provide different dispersion effect to 
wavelengths, therefore neighboring longitudinal modes in a feedback pulse will be 
temporal separated and have different round-trip time. If a cavity mode arrive back 
the LD during the pulse build-up time, it will compete with the spontaneous-noise 
driven fields and then amplified. Thus, the corresponding wavelength is selected and 
the wavelength selection is achieved by slightly changing the RF synthesizer 
frequency. 
6.2) Highly dispersion-shifted fiber 
Highly dispersion-shifted fiber2 has large negative dispersion value both at 
1550 nm and 1300 nm and the dispersion value at 1300 nm is dependent on the 
dispersion slope of the fiber. The total dispersion of the fiber is equal to the 
summation of the material dispersion decided by the character of fiber core material, 
and the waveguide dispersion decided by core diameter, relative refractive index and 
the structure of refractive index profile [49], The large dispersion value of this fiber 
is usually achieved by increasing the negative waveguide-induced dispersion of the 
fundamental mode LP0i using high normalized index difference , in the core and/or 
adding multiple cladding layers of varying refractive index [50]. 
The wavelength-tuning, rate derived in (5.8) shows the dependence of fiber 
dispersion coefficient. The larger the dispersion coefficient in the operating 
wavelength, the smaller the tuning rate. It leads greater frequency tuning (AF) 
required to select the neighboring longitudinal mode contents in a feedback pulse. 
Thus, it has the advantage of relaxing the tight requirement on the frequency stability 
2 Another common name of this fiber is Dispersion Compensating Fiber. 
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of the RF synthesizer because the tolerance of detuning frequency without significant 
change in the SMSR is increased. 
Since DSF is usually designed to show zero dispersion at around 1550 nm, it 
provides negligible temporal separation for individual cavity modes in a feedback 
pulse at 1550 nm window except using extremely long fiber. However, it is 
impractical to use long fiber in a self-seeding configuration under considering the 
factors of insertion loss, stability and cost. Thus, using HDSF is a promising way to 
allow the self-seeding configuration to operate in between 1300 to 1550 nm because 
the dispersion value of this fiber is large and shows little change (< 10 ps/nm/km) 
among these wavelengths. 
In additions, a shorter HDSF length can be used to provide sufficient 
temporal separation between two neighboring cavity modes for single-mode 
operation. In the self-sefeding scheme, single-mode pulse build-up time is about four 
to ten round-trip cycles in an external cavity, which is depended on the wavelengths 
in the tuning curves [42]. Therefore, shorter external cavity length, i.e. fiber length, 
has the advantage to provide a fast wavelength switching time. 
The wavelength-tuning rate of this configuration can be estimated by using 
(5.8). The dispersion coefficient quoted from the manufacturer (Corning) at 1550 nm 
is in between -80 to -110 ps/nm/km. Thus, the calculated values are in between 
61.32 to 44.6 nm/MHz, respectively. 
6.3) Optical fiber-mirror 
V 
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In self-seeding technique, a small amount of feedback is essential. An optical 
fiber-mirror is used in our configuration to provide feedback. This fiber-mirror can 
be simply fabricated by evaporating a thin layer of gold onto a fiber end. Gold is 
employed as the material for the optical fiber-mirror because it has high reflectance 
throughout the near-，middle-, and far-infrared red, and it is easy to be evaporated 
and coated onto the substrate. Since the amount of feedback has great influence on 
the SMSR of the seeded wavelength and the tuning range, optimization of the 
reflection from the fiber-mirror is required. The reflectivity of the fiber-mirror is 
depended on the thickness of the gold on the fiber，Fiber-mirrors corresponding to 
different thickness of�gold was fabricated and characterized. The fabrication 
procedures and the characterization method will be described in the following 
section. 
6.3.1 Fabrication 
The fabrication procedures of the fiber-mirror is listed below: 
1. Fiber selection: Bare fiber is more suitable than patchcord fiber because it is 
comparatively cheap, easy to put into an evaporator, and avoid to release a large 
amount of gas to the coater at high temperature which will degrade the quality of 
gold evaporation. Moreover, single-mode fiber instead of multimode fiber is 
required because it can provide low loss and similar fiber core to theHDSF which 
avoid a huge insertion loss. A bare type Newport F-SS-100 standard single-
mode fiber was selected. 
2. Fiber tailoring: If the fiber length is too short, it will have a problem in fusion 
splicing to a fiber connector. However, it is difficult to place a fiber in the 
evaporator if it is too long. The fiber length of each sample was tailor-made as 
about 12 cm. :u ‘ 
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3. Fiber cleaving: In order to have uniform thickness of gold onto the fiber end, a 
flat, free of lips, chips or hackle and perpendicular fiber end face is required. The 
fiber was cleaved using a high quality fiber cleaver and then put into a fusion 
splicer. The arc test function of the fusion splicer was used to get a more flat and 
clean fiber face and the quality of it was monitored by a CCD in the fusion 
splicer. 
4. Cleaning: Components (fiber crunks, fibers, crunk mount) that would be placed 
into a evaporator was required to clean. The components was cleaned by using 
an ultrasonic cleaner with acetone as the cleaning agent. 
5. Mounting: The fiber was placed into a fiber crunk and then mounted by a crunk 
mount. This mount was designed to make the fiber end perpendicular to the 
source and could dlow 5 fibers for gold evaporation at the same time. 
j 
6. Gold evaporation: The gold evaporation3 onto the fiber end was performed by 
using the Edwards 306 Coater. In each evaporation, a glass slide was placed 
nearby the fibers as a reference for the gold thickness. The thickness of gold 
coated onto the fiber end face can be controlled by varying the exposure time but 
keeping the pressure of the vacuum, heater current and the evaporation rate 
nearly the same for each evaporation. The thickness of gold was measured by a 
Edwards FTM3 Film Thickness meter with a calibrated thin thickness detector 
inside the coater. 
7 F u s i 0 n splicing to a fiber connector: The fabricated fiber-mirror was fusion 
spliced to a standard single-mode fiber with a FC/PC fiber connector. That is 
convenience for characterization the fiber-mirror or connection. to other 
！* 
3 The evaporation procedures is listed on the Appendix III. 
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components in the configurations. A Sumitomo Electric fusion splicer was used 
to splice two fibers together. In order to minimize the insertion loss of the joint, 
a flat, free of lips, chips or hackle and perpendicular fiber end face is required. 
6.3.2) Characterization: 
Three parameters about the fiber-mirror was concerned. It included the gold 
thickness on the fiber end, fiber joint loss and reflectivity. 
Measurement of the gold thickness: 
1. Edwards. FTM3 Film thickness meter: During the gold evaporation, the initial and 
final frequency shown on the thickness meter was recorded. From the calibration 
curve, the thickness of gold coated can be determined from the recorded 
frequency change. 
2. TENCOR alpha-step^ 100 machine: In each gold evaporation, a glass slide was 
placed near the fibers as reference.. The thickness of gold on the fiber can be 
determined from that on the glass slide. Alpha-step test was used to measure the 
thickness of gold on the glass slide. Fig. 6.1 shows a typical result from Alpha-
step test. The thickness of gold can be estimated from the height of the step as 
, •‘ . . . . ' . • . ‘ . 
the figure shown. The spikes on the curve are attributed to some dust on the 
surface of the sample. 
•p^r^iTrTr^nTnTiTrniTiTTnfTiTniT^iTnTfiTnTnT^nTnTnTnTmiTiTrnTTrnTnTnTTiT^" 
€f—20 ‘ “ 4 7;:!];::：!.；!：^^ 
��^lilti/1:^^:十：；：；；：：：！：；： + ；：：；：：：；卜二！“；工!;;::;::..;:: “1:^; 1 
];;“;。:“;:;:::!::"::!::山:」::“::“;:"::“:“:-:[:-.; 1 ~ ' 
Fig. 6.1. A typical result of thickness of gold on the glass slide by the Alpha-step test. 
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Measurement of fiber joint loss: The loss of each fiber joint was measured 
automatically by the fusion splicer. Since two fiber core was nearly the same and the 
cleaved fiber end faces was clean and flat, the loss at each fiber joint was measured 
lower than 0.35 dB, 
Measurement of reflectivity: The reflectivity of the fiber-mirror can be evaluated from 
the reference glass slide. The schematic of the measurement is shown in Fig. 6.2. 
The laser output P, was beam-splitted into two arms, Pi and P2. One beam Pi was 
directed into the reference glass slide. A portion of light was reflected back towards 
the way where it comes and beam-splitted into PR and PFB as the figure shown; and 
the rest Pt was transmitted through the slide； The power at different point was 
measured by a Newport 835 Picowatt Digital Power Meter, The measurement was 
also conducted for a clean glass slide. Since the gold coated glass slide has three 
interface and the glass slide has two interface, the reflection power P from the fiber-
mirror is analogy to the subtraction of Pr to Pr'/2 where P r and Pr' are the beam-






Pr glass slide 
，r . . 
Fig. 6.2. Illustration of measurement the reflectivity of the fiber-mirror. 
The reflectivity of the fiber-mirror RG can be derived from the following relations: 
the beam splitting ratio a- 1 ， • (61) 
？i + 尸2 
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戶 + 尸 
the beam splitter loss y - , (6.2) 
Pi 
p' 
the reflection powerP = PR ——-=^ x A2 x (1 — 厂)2 x RG, (6.3) 
where PJ ,P2, PR, P/ and P, were measured experimentally. 
* 
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Results: 
Six fiber-mirrors with different gold thickness were fabricated, The measured 
gold thickness (c/from thickness meter, d，from alpha-step test), fiber joint loss Lfs, 
and the reflectivity are listed in Table 6.1. It was found that the measured gold 
thickness by using thickness meter or using alpha-step test were consistent. Since 
low sensitivity of the TENOR alpha-step 100 machine, the gold thickness on the 
fiber-mirror was determined from the thickness meter. The relationship between the 
gold thickness and the reflectivity of the fiber-mirror is plotted in Fig. 6 3 , , 
Table 6.1. List of gold coated thickness, reflectivity and fiber joint loss. 
d:k d\K Rg, % Lfs,6R 
sample #1 96 100 4.00 0.16 
sample #2 126 130 3.75 0.20 
'sample #3 160 200 4 J 1 0.19 
sample #4 183 150 4.69 0.33 
sample #5 224 230 8.25 0.24 
sample #6 276 250 8.75 0.34 
10 p : 
• s - . ' 
I � 
••g ^ ^ — ^ 




°50 100 150 200 250 300 
d, Angstrom 
Fig. 6.3. A plot of fiber-mirror reflectivity versus the gold thickness. / 
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6.4) Experiment 
The experimental setup for self-seeding gain-switched laser diodes at 1.3 and 
1.55 nm is shown in Fig. 6.4 and Photo. #2. 
f S AR Coated X ^ J V Polarization AR Coated 
•1* Lens (hDSFI Controller Lens 
Impedance mirror \ i 
Transformer • 
? n 
i 3dB fibe 
D ' C , , NTW VdLi Bias Tee coupler 
j t I 
90 % 巾. I 
Power 入 Trigger I 
Splitter W io % I ° P t i c a i 3 
Spectrum Analyzer 
24 dB 入 
Amplifier / \ 
R F JT Digital Sampling 25 GHz 
Synthesizer ( J y ) ^ Oscillscope ""] Photodetector 
Fig. 6.4. Experimental setup 
m^a 
"u 
Photo. #2. Experimental setup of the fiber-mirror self-seeding configuration. 
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Two high speed (maximum rise time, fall time � 0 . 5 ns) F-P laser diodes, OKI 
OL360A-5 and OKI OL507C were used as the optical source for 1.3 and 1.55 jam, 
respectively. The cavity mode spacing and the cw lasing threshold were 0.69 nm and 
16 mA for the 1.3 |im LD, while 0.92 nm and 24.7 mA for the 1.55 [xm LD. The 
laser output was launched into a 400 m Corning HDSF with a dispersion coefficients 
in the range of-80 to -110 ps/nm/km at 1.55 jam. The 1.3 \xm LD was output from a 
single-mode fiber pigtail with a FC/PC fiber connector, so its output could be directly 
connected to the HDSF using a FC/PC adapter. However the laser output from the 
1,55 Jim LD was free spaced, so fiber coupling was required. The feedback loop was 
completed by wounding the fiber to a polarization controller and connecting it to a 
fiber-mirror. Since the fiber-mirror worked as a semi-transparent mirror, 
comparatively high reflectivity of the fiber-mirror could provide high feedback to the 
laser diode, which can be obtained by using a thicker thickness of gold on the fiber 
end. It was found that the SMSR of the output signal was polarization dependent, so 
a polarization controllef was employed. This phenomena was probably due to the 
low optical confinement and the negligible laser gain in the transverse magnetic (TM) 
light. Hence the TM feedback signal may have insignificant effect on the self-seeding 
process. 
• 書, ‘ ‘ , -.•. . •  . ‘ ‘ . . - • • • 
The output signal was characterized with a HP 70591A optical spectrum 
analyzer with 0.1 nm resolution and-75 dBm sensitivity. The temporal shape of the 
output pulse was measured by a 25 GHz bandwidth photodetector and was then 
analyzed on a Tektronix CSA803 digital sampling oscilloscope with a 20 GHz 
sampling head. 
Gain-switching was performed by biasing the laser under cw lasing threshold 
and modulated it with a sinusoidal signal at around 1 GHz. The RF power was set at 
t 
28 dBm which was supplied by a HP 8657A frequency synthesizer together with a 24 
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dB power amplifier. About 10 % of the R.F. power was used as trigger signal for the 
digital sampling oscilloscope which was helpful in reducing the time jitter on the 
optical pulse detection. The remaining output was coupled with a d.c. bias using a 
microwave bias tee. The combined signal was fed to the laser through an impedance A 
transformer. It provided impedance matching between the feedline and the laser and 
improve the electrical coupling efficiency. 
6.5) Results 
The d.c. bias was set at 12 mA for both lasers and the temperature was kept 
at 299 K. The electrical output of the RF synthesizer was tuned until a cavity mode 
was seeded. Different wavelengths were selected by slightly tuning the synthesizer 
frequency. Fiber-mirrors with different reflectivity were used for the experiment. 
j 
The feedback rate KB. back to the LD was estimated from the loss of the 
HDSF including connectors LHDSF, the fusion splicing loss on the fiber mirrors LFSI and 
the reflectivity of the fiber mirrors RG: The schematic is shown in Fig. 6.4s. 
= — x l 0 0 % , 
P� 
so F.B. — J 
0 
or 二（1-丄财）2圮(卜、）2xl00%. (6.4) 
Since fiber coupling was required for the 1.55 \xm LD, a coupling coefficient 
measured as about 44 % was added for the calculation. LHDSF, was measured as about 
54 o/0 The F.B. dependence of the fiber mirrors with different reflectivity using in 
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1.3 |im LD are shown in Table 6.2 The F.5. of the 1.55 jim LD with fiber-mirror 
sample#3 is about 0.407 %. 
In experiment, it was observed that unsatisfactory performance (low SMSR 
and worse wavelength tunability) on self-seeding was obtained when using thin 
thickness gold coated fiber-mirrors sample#l (t = 96 A) and sample#2 (t = 126 A). 
The performance of the samples on the electrical wavelength-tuning characteristic 
and the related SMSR will be focused. 
Fig. 6.5 shows the electrical tuning characteristics of lasing wavelength with 
different fiber mirrors. In (a) fiber-mirror (sample#3) with 160 A gold thickness was 
used for self-seeding the 1.3 jim LD and the experiment was performed without any 
polarization control. The same fiber-mirror (sample#3) was used for the experiment 
but polarization control was added. A polarization controller wounded onto the 
HDSF was adjusted until maximum SMSR was observed from the optical spectrum 
analyzer. Different wavelengths were tuned by adjusting the RF synthesizer 
frequency and its characteristic was plotted in (b). Note that no re-adjustment of the 
polarization controller was done throughout the experiment after maximum SMSR 
was observed. The electrical wavelength-tuning process with polarization control 
was also performed in sample#4 ( t= 183 A), sample#5 (t = 224 A), and sample#6 (t = 
276 A) and the results is shown in (c), (d), (e), respectively. In (f), the 1.55 \xm LD 
was used and the fiber-mirror was�sample#3. In the tuning process, the frequency 
detuning in which the SMSR without significant change was about 5 KHz. 
The tuning curves was fitted with straight lines by using power regression 
method. The slopes of the fitted straight lines, the tuning frequency range, and the 
related wavelength range are listed in Table 6.3. The tuning rates are at around 59 
nm/MHz and the tuning range was about 14 nm with polarization control, but 11 nm 
without polarization control. 
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The related SMSR versus the seeded wavelength is shown in Fig, 6.6. Note 
that only stepwise wavelength-tuning, corresponding to the longitudinal modes, is 
possible. The seeded wavelengths is divided into three SMSR levels which 
correspond to 15, 20 and 25 dB, and the results were shown in Table 6.4. Note that 
only (c), (d), (e) have seeded wavelengths with SMSR better than 25 dB and (d), (e) 
have maximum SMSR at around 30 dB. The worse case is in (a), the SMSR of all 
the seeded wavelengths is less than 20 dB. 
Fig. 6.7 shows the output spectra at different emission wavelengths. In (a), 
the 1.3 [xm LD was self-seeded by using fiber-mirror sample#5. The emission 
wavelengths have SMSR better than 25 dB. The optical spectral of the 1.55 |im LD 
using fiber-mirror sample#3 was shown in (b). The emission wavelengths have SMSR 
better than 15 dB 
Fig. 6.8 depicts'the optical spectra of the gain-switched pulses when they 
were seeded at 1295.2 nm by using different fiber mirrors. The optical spectra of a 
free-running LD at 1.3 \xm is shown in (a). In (b), fiber mirror sample#3 (160 A) was 
used. A SMSR of 21.78 dB was obtained. Improvement was realized when fiber 
mirror with thicker thickness of gold coatings, in which cases the SMSR increased to 
28.37 dB by using sample#5 (224 A) and to 27.34 dB by using sample#6 (273 A). 
The output spectrum is shown in (c�,and (d) respectively. 
A scheme similar to that described in section 5.3 for improving the 
wavelength-tuning range was also performed. The fiber-mirror sample#6 was used 
for the experiment on the 1.3 \xm LD. Wavelength selection was obtained by 
changing the RF synthesizer frequency and performed at the temperatures of 283 and 
299 K. It was observed that the output power was increased with the same卜injection 
current when the LD was operated at the lower temperature. In the experiment, 
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therefore, the d.c. bias was changed from 12 mA at 299 K to 9 mA at 283 K to 
maintain the constant output power. 
The relation between the output wavelength and the tuning frequency is 
shown in Fig. 6.9. The curves at 283 and 299 K are best described by straight lines 
with both slope of 58.12 nm/MHz. The tuning frequency range, and the related 
wavelength range are listed in Table 6.5. 
Fig. 6.10 shows the measured SMSR against the seeded wavelength at two 
temperatures. The laser could be successively tuned over 14.12 nm with a best 
SMSR of 29.53 dB at 299 K and over 12.63 nm with a best SMSR of 29.50 dB at 
288 K Since the two curves overlapped each other, the tuning range was greatly 
enhanced to 19.37 nm when the selection process was performed at two different 
temperatures. The seeded wavelengths is divided into three SMSR levels which 
correspond to 15, 20 and'25 dB, and the results were shown in Table 6.6 
Fig. 6.11 shows the output spectra from the 1.3 |im laser at two different 
operating temperature. From (i) to (iii), wavelength was selected at 299 K. A 
SMSR better than 28 dB were obtained. The selection process was operated at 283 
K and the d.c. bias was changed to 9 mA from 12 mA. In (iv), the seeded 
wavelength (1293.81 nm) is same at"in (iii), and the SMSR is 28.81 dB. Self-seeding 
at 1285.75 nm with SMSR better than 24.5 dB is shown in (v). 
Fig. 6.11s depicts the pulse width versus the seeded wavelength at 283 K. 
The pulse-width was changed from 53.2 ps at 1297.19 nm to 41 ps at 1284.56 nm. 
In additions, it was found the pulse-width had insignificant change for the same 
wavelength both at 283 and 299 K. � / • . 
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Wavelengths between two neighboring longitudinal modes can also be 
accessed by precise control of the temperature. It was found that the SMSR of the 
selected wavelength was degraded more than 5 dB when the wavelength detuning 
was larger than 0.5 nm. This effect could be minimized when the selection process 
was performed by combining the control of temperature, RF synthesizer frequency 
and the d.c. bias. Using this scheme, the SMSR of the quasi-continuos tuned 
wavelengths could be maintained at 27 dB 土 1 dB. The output spectra of the lasing 
wavelengths using continuous tuning technique is shown in Fig. 6.12. The control 
parameters temperature T, RF synthesizer frequency F and the d.c. bias /dc versus the 
tuned wavelength X and the SMSR are listed in Table 6.7,. and their overall changes 
are listed in Table 6.8. The temperature was plotted as a function of the lasing 
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Table 6.2. List of the reflectivity and the corresponding feedback. 
d,A Rg, % F.B；0/� 
sample #1 96 4.00 0.787 
sample #2 126 3.75 0.724 
sample #3 160 4.77 0.924 
sample #4 183 • 4.69 0.853 
sample #5 224 8.25 1.562 
sample #6 276 丨 8.75 1.584 
• \ • ., . . . . . • . • 
Table 6.3. List of the slopes of the fitted straight lines slopefit, the lowest tuning frequency Fi�w，the 
highest tuning frequency Fhigh, the tuning frequency range AFtot, the lowest selected wavelength Aiow, 
the highest selected wavelength nm, and the wavelength tuning range A^ot. 
Fig. 6.5 (a) (b) (c) (d) (e) (f) 
MHz 999.9290 1000.0000 999.8100 999.8241 999.8240 999.9772 
F,tt.r,T MH7 1000.1155 1000.2330 1000.0340 1000.0640 1000.0560 1000.2180 
AFtnt, MHz 0.1865 0.2330 0.2240 0.2320 0.2399 0.2408 
；luw,nm 1289.13 1287.81 1289.13 1289.81 1289.81 1554.75 
‘ n m 1300.50 1301.88 1302.56 1303.93 1303.24 1568.56 
A；, , nm 1117 14.07 13.43 13,43 14.12 _ 1 3 M _ 
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Table 6.4. A list of the wavelength range AXh A^, AA3 with different samples, for the SMSR > 15, 
20，25 dB, respectively. 
Fig. 6.6 � （bV ( 0 (d) (e) (f) 
AAi, nm(SMSR>15dBV 4.25 14.07 13.43 13.43 14.12 12.81 
A ^ n m ( S M S R > 2 0 d B ) 0 12.06 12.75 13.43 13.44 9.94 
AA3,nm(SMSR>25 dB^ 0 0 8.06 12.88 11.50 0 
max. SMSR, dB 17.45 22.50 26.94 30.18 29.53 | 22.28 
Table 6.5. List of the lowest tuning frequency Flow, the highest tuning frequency Fhigh，the tuning 
frequency range AFtot, the lowest selected wavelength ；llow，the highest selected wavelength 4igh, 
nm, and the wavelength tuning range A^ot, 
Fiow, MHz Fhi^ , MHz h MHz 义丨柳.nm ；l^ h, nm A o^t> nm 
283 K 999.7330 999.9450 0.2120 1284.56 1297.19 12.63 
299 K 999.8241 1000.0640 丨 0.2399 | 1289.81 丨 1303.93 | 14.12 
Table 6.6. A list of the wavelength range AM, Al3 at two operating temperature, for the 
SMSR > 15, 20，25 dB, respectively. 
AAh nm 7U2，nm AJk, nm 
(SMSR > 15 dB) (SMSR > 20 dB) (SMSR > 25 dB) 
283 K 12.63 12.63 9.37 
299 K I 14.12 13.44 11.50 
； / 
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Table 6.7. A list of the control parameters temperature T, RF synthesizer frequency F and the d.c. 
bias /dc versus the tuned wavelength X and the SMSR. 
T, K F, MHz IDC, mA 1, nm SMSR, dB 
289.26 999.9230 11.0 1295.784 27.25 
289.97 999.9240 11.3 1295.855 26.08 
290.71 999.9260 " 11.3 1295.934 26.23 
291.48 999.9280 11.5 1296.024 26.90 
292.29 999.9300 11.5 1296.099 26.38 
293.13 , 999.9320 12.0 1296.170 26.53 
294.01 999.9340 12.0 1296.264 26.49 
294.93 999.9345 12.0 1296.380 27.36 
295.90 999.9355 12.0 1296.466 26.89 
296.92 999.9405 12.0 1296.571 26.22 
297.56 999.9405 12.0 1296.628 27.89 
Table 6.8. A list of overall change in temperature Artot, RF synthesizer frequency AFtot and 
wavelength A^ot. 
ATTNT. K AFtot. MHz A^ot, nm A；^ / Artot’ nm/K A^ot/AFtot? nm/MHz 
8.3 ‘ 0,0175 I 0.844 • 0.102 1 48.23 
A 
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Fig. 6.5. Electrical wavelength-tuning characteristic, In (a) the thickness of gold t is 160 A, and the 
1.3 i^iri LD is self-seeded without polarization control. The 1.3 jam LD is self-seeded with 
polarization control and the fiber-mirrors with t of (b) 160 A, (c) 183 A, (d), 224 A, (e) 276 A. In (f) 
a 1.55 \im LD is used, t is 160 A and with polarization control. 
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6,6) Discussions 
；• . .:,...、•，... '； .. • . ... . . . . . . ‘ 、 - .,+ . • ‘ •’,... , 
6.6.1) Electrical tuning characteristic 
From the results on electrical tuning characteristics of lasing wavelength as 
shown in Fig. 6.5, the fitted lines shows very high regression coefficients, it indicates 
the tuning frequency have a very good linear relationship with the selected 
wavelengths. In section'5.1，the tuning rate of self-seeding by using a DSF and a 
fiber-loop-mirror was derived as 
nm 1 n0 
~ F Dcxlx IO'9 
and shown in (5.8). The principle on self-seeding using this configuration is generally 
the same as in section 5.1. It was found that the tuning rate was mainly dependent on 
the pulse repetition frequency, the dispersion coefficient. From Table 6.3, the tuning 
frequency ranges at different self-seeding conditions were less than 0.25 MHz. It 
j 
contributed to less than 0.026 % variations corresponding to the 1 GHz pulse 
repetition frequency. The related wavelength-tuning ranges were about 14 nm. 
From the specification, the dispersion coefficient is varied less than 10 ps/nm/km 
between 1.3 and 1.55 jam. Therefore, the change of dispersion coefficient was less 
than 0.56 ps/nm/km throughout the tuning range. It leads to negligible change when 
comparing to the dispersion coefficient at the operating wavelengths (> -80 ps/nm/km 
at 1.55 jam). Since the two parameters have negligible change throughout the tuning 
range，a linear relation between the tuning frequency and the seeded wavelength is 
expected which agrees with the experimental results. 
The tuning rates of self-seeding at different conditions are 59.38 土 1.5 
nm/MHz. Comparing with the result obtained by using fiber-optic configuration in 
[29] (0.85 nm/KHz)，and in section 5.3 (0.29 nm/KHz)，the tuning rate is more than 
ten times lower in this configuration. The lower tuning rate leads greater frequency 
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tuning for neighboring cavity mode selection, thus, large frequency detuing can be 
varied without significant change in the SMSR of the selected wavelength is 
expected. It has the advantage of relaxing the tight requirement on the frequency 
stability of the synthesizer. In this configuration, the repetition frequency can be 
detuned at about 5 KHz, while the SMSR of the output can keep without significant 
change. The required stability of the synthesizer is defined by the allowed frequency 
detuning divided by the operating repetition frequency. Therefore, it should be better 
than 5 x 10"6 in our case (1 GHz repetition frequency). Hence the required stability 
of the synthesizer should be better than 5 x 10"6，if self-seeding a gain-switched LD at 
1 GHz. It is superior by one order of magnitude to the results reported in [29] (0.3 x 
10"6) by using fiber-optic corffiguration. 
From (5.5), the repetition frequency detuning AF corresponds to a change in 
the time delay between emitted and reflected pulses A/ is related as 
j 
AF 2n0L At = — , (F-AF) c 
F 2«0L or - — = - + i, AF cAt 
o r 1 ^ = - , 1 a s c ^ « l (6.5) 
F 2 n ° L 
where c is the velocity of light at vacuum，n0 is effective group index, and F is 
repetition frequency of the synthesizer. In the self-seeding process, it has a time 
window in which the gain-switched LD is sensitive to weak optical feedback, and the 
sensitive time window is near constant under same gain-switching conditions. If At 
in (6.5) corresponds to the width of the sensitive time window, AF is defined as the 
frequency detuning in which the SMSR of the seeded wavelength have insignificant 
change. From (6.5)，the required stability of the synthesizer (AF/F) is dependent on 
the fiber length only. The shorter the fiber length L is used in the configuration, the 
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lower the stability of the synthesizer is required. However, better wavelength 
tunability can be obtained if neighboring cavity modes in a feedback pulse have large 
temporal separation (> At) which depends on the product of dispersion coefficient at 
the operating wavelength and the fiber length L, Since the dispersion coefficient 
of DSF at 1.3 jj.m is about -17 ps/nm/km, a long fiber length is (> 1 km if AHs about 
20 ps) need. In our configuration, a HDSF is used which provides about five times 
higher dispersion coefficient than DSF. Therefore, a shorter fiber length (400 m in 
our configuration) can be used to maintain good wavelength tunability by providing 
sufficient temporal separation for neighboring cavity modes and release the 
synthesizer stability requirement. 
From the frequency detuning AF, the width of the sensitive time window can 
be deduced as about 19.62 ps from (6.5). It agrees with the results � 2 0 ps reported 
in [25]. The role of this window is determined how large of the temporal separation 
between two neighboring cavity modes is sufficient in the system. In principle the 
sensitivity time windows depends on. the variation of carrier density of a gain-
switched LD [32]. Because of this sensitive time window，self-seeding technique has 
the advantage of less sensitive to changes in the pulse repetition rate than mode 
locking, and allows a small variations of tuning rates using the same configuration as 
shown in Table 6.3. This also explain the results of no mode-hopping observed in 
the experiments. 
The cavity mode spacing of the 1.3 and 1.55 |im lasers are 0.69 and 0.92 nm. 
It corresponds to 11.62 KHz and 15.83 KHz for neighboring cavity modes selection 
at the two lasers, respectively. The frequency detuning without significant change in 
SMSR was measured as 5 KHz. It indicates that the smallest cavity mode spacing of 
a LDs which can be used in our configuration is 0.3 nm both at 1.3 and .1.55 
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because of similar dispersion effect, or a shorter HDSF length ( � 2 0 0 m) is sufficient 
to provide temporal separation for this two LDs in our setup. 
The related dispersion coefficient of the HDSF at around 1.3 and 1.55 jim can 
be deduced from (5.8). The tuning rates and the cavity mode spacing of the 1J and 
1.55 \xm LD are 59.38 nm/MHz, 0.69 nm and 58.12 nm/MHz, 0.92 nm, respectively. 
Thus, the corresponding dispersion coefficient at 1.3 and 1.55 Jim are 82.62 and 
84.41 ps/nm/km. The variation of tuning rates are mainly attributed to the different 
cavity mode spacing and dispersion coefficients. Since the HDSF shows a small 
change of dispersion coefficient between 1.3 and 1.55, the tuning rate are nearly the 
same. It has the advantage of using the same configuration to operate at different 
wavelengths with the same tuning rate. 
The same wavelength was selected by using different tuning frequency as in 
fig. 6.5 (b) and (c). It is due to the wavelength selection at different feedback pulse. 
The frequency variation is about 0.208 MHz It corresponds to neighboring feedback 
pulse selection. 
6.6.2) SMSR characteristics 
From Table 6.2, the thicker thickness of gold was coated on the fiber mirror, 
the stronger of the feedback was resulted except in sample#4. In the self-seeding 
process, feedback signal will compete with the spontaneous-noise driven field during 
pulse build-up. The SMSR of the seeded wavelength is thus excepted to depend on 
the amplitude of the feedback rate. From Fig. 6.6 (c) and (d)’ it was found that the 
stronger the feedback was, the higher the SMSR of the selected wavelength resulted. 
However, this effect becomes insignificant and the wavelengths corresponding to the 
center of the tuning curve as shown in Fig. 6.6 (e) have slightly degradation of 
S M SR, when the feedback is larger than 1.56 %. This phenomena is similar to that 
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discussed in section 5.1 which is believed to be caused by gain saturation of the 
seeded wavelength and gain sharing to the neighboring modes. The output spectra in 
Fig. 6.8 clearly shown that the cavity modes in the spectrum was greatly suppressed, 
when higher F.B. was used, but power level of the neighboring modes around the 
selected wavelength was began to grow. 
It was found that self-seeding to the wavelengths at the edge of the emission 
spectrum had lower SMSR than that at the center as shown in Fig. 6.7. It is 
attributed to weaker emitted intensity at the edge wavelengths of a gain spectrum. 
Thus, a comparatively higher feedback signal is required to compete with the 
spontaneous-noise driven field. 
Another interesting observation was that the SMSR and the tuning range of 
the seeded wavelengths was greatly enhanced even if using the same fiber-mirror 
when polarization contr6l was performed. This phenomena was probably due to the 
negligible laser gain and low confinement factor in the transverse magnetic (TM) light 
0f the LD. Therefore, even if same feedback arrival back to the LD during pulse 
build up, a feedback signal with high TE light contents will obtain high SMSR and 
tuning range. This effect is shown in Fig. 6.6 (a) and (b). The wavelength selection 
was only 4.25 nm with SMSR > 15 dB if no polarization control was used, but it 
could be enhanced to 12.06 nm\with SMSR > 20 dB after using polarization 
controlling. Therefore, there may be two factors about sample#l and sample#2 that 
was used for self-seeding unsuccessfully. One is insufficient feedback rate as thin 
thickness of gold coated, and the other is without polarization control of the feedback 
signal. 
Comparing with Fig. 6.6 (b), higher SMSR of selected wavelengths is 
obtained in (c). Since it had polarization control in two experiments, a higher 
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feedback rate was expected in (c). However, a relatively low feedback rate is 
estimated in (c) from the factors of low reflectivity and high fusion splicing loss. This 
undetermined result is believed due to the experimental error on the reflectivity 
measurement. 
A remarkably high SMSR of over 25 dB in the range of 12.88 nm and 11.5 
nm has been obtained in Fig, 6.6 (d) and (e), respectively. Comparing with other 
electrical-tuning self-seeding configurations, this is the highest tuning range with 
SMSR > 25 dB for a self-seeded 1.3 |im LD. The maximum SMSR was about 30 
dB for both (d) and (e). The small fluctuations in SMSR for the tuning curves in Fig. 
6.6 is due to unoptimization of electrical-tuning frequency. In additions, the tuning 
curves have an asymmetrical shape, which is also observed in [25, 29, 42]. It is 
attributed to increase differential gain on the short wavelength side of the gain 
spectrum and shift the maximum of the gain spectrum at threshold carrier density to 
another wavelength [42J, 
To the best of my knowledge, this is the first time to demonstrate on 
electrical-wavelength tuning both at 1.3 and 1.55 |im by self-seeding gain-switched 
laser diodes using same configuration without changing components except laser 
diode. The SMSR dependence of selected wavelengths at 1.55 jim is shown in Fig. 
6.6 (f). The tuning range is 12.81 nm with SMSR > 15 dB and 9.94 nm with SMSR 
>20 dB which corresponds 14 and 11 cavity modes, respectively. From the output 
spectra, the cavity modes around the emission spectrum is not greatly suppressed. It 
is predicted that the SMSR of the seeded wavelength can further be improved if a 
fiber mirror with thicker thickness of gold coated. Comparing with the 1.3 um LD, a 
narrow tuning range was observed in the 1.55 um LD. It is probably due to high 
feedback rate was used in 1.3 \xm LD. Another reason is the 1.3 nm LD/having 
different laser structure and characteristic from the 1.55 i^m laser. We expect that 
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large wavelength tunability can be obtained if quantum well structures is used for the 
laser. Because it allows several quantized sub-band transitions, a broad gain spectra 
is resulted [48]. 
6.6.3) Thermal tuning characteristics 
When the self-seeding was performed at two temperatures which was 
different from 16 K，a nearly identical tuning rate were obtained at two different 
operating temperature, and the two curves have partly overlapped as shown in Fig. 
6.9. It indicates the wavelength-tuning process can be successively with the electrical 
frequency. .The indistinguishable tuning rates are due to nearly constant dispersion 
coefficient and relatively small change of the repetition rate. In the overlapping 
region, it was found some points which have same wavelengths but at different tuning 
frequency. The frequency detuning is in the range from 0.5 KHz to 5.5 KHz. From 
the quasi-continuous wavelength tuning process, the wavelength was shifted linearly 
with a slope of 0.102 nm/K. Thus, more than 1.6 nm wavelength-shifting 
corresponding to 2.3 times of the cavity mode spacing is expected when the 
temperature was changed with 16 K. However, it contradicts to the observations of 
same wavelength selection at two temperature with different tuning frequency. It is 
simply because it cannot distinguish the wavelength shifting which is equal to a 
multiple of the cavity mode spacing 0.69 nm, and the operating temperature is no 
longer as a linear function of the seeded wavelength when the temperature range is 
t 0 0 large. The slightly change of the repetition rate for the same wavelength is 
believed to be due to the width of the sensitive time window. 
When the operation temperature increases, the gain peak was shifted from 
1290.50 at 288 K to 1298.56 at 299 K as shown in Fig. 6.11. Therefore, the tuning 
range was greatly enhanced from 14.12 nm at 299 K to 19.37 nm when operating at 
two temperatures as shown in Fig. 6.10. Since the spectral width of gain spectrum 
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in a LD can be roughly estimated by the product of Boltzman constant and 
temperature in Kelvin [6], a 0.77 nm more than one cavity mode spacing bandwidth 
reduction is expected when two temperatures are different by 16 K. It agrees with 
the reduction of tuning range by two cavity modes at 283 K, 
Unlike the results in section 5.3，no degradation of SMSR in the seeded 
wavelength is observed in Fig. 6.10 when the selection process is at two 
temperatures. A high SMSR of >25 dB with 11.5 nm at 299 K and 9.37 nm at 283 
K were obtained. Since the differential gain of a LD decreases with increase 
temperature, reduction of feedback intensity was expected. It leads to a degradation 
of SMSR in the seeded wavelength. In this experiment, the d.c. bias was re-adjusted 
from 12 mA at 299 K to 9 mA at 283 K to keep nearly constant output power. It 
compensate the effect of differential gain change at two operation temperature. Thus 
a similar feedback intensity was used for self-seeding and a high SMSR was kept 
throughout the two tuning curves. 
Owing to higher differential gain for shorter wavelength, the measured 
pulsewidth was increased with seeded wavelength which was also observed in [27] 
and in section 6.2. The pulsewidth had insignificant change for the same wavelength 
at 283 and 299 K. Although the differential gain decrease with temperature, lower 
electrical bias was used at 283 K： Thus, the peak inversion level had negligible 
change which results pulsewidth keep nearly constant at two temperature. 
In Fig. 6.12, the emitted wavelength shifts towards a longer wavelength side 
with temperature. It leads the emitted wavelength have a different round-trip time 
and a frequency detuning from the synthesizer frequency. If the change of the round-
trip time is greater than that of the sensitive time window, a degradation of SMSR on 
the lasing emission may occur. It explains the necessary of re-adjustment on the 
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synthesizer frequency during the quasi-continuos wavelength tuning process. When 
the wavelength was shifted from 1296.628 to 1296.170 nm with increasing 
temperature and constant d.c. bias, a. 0.458 MHz frequency detuning was required. 
It corresponds to the tuning rate of 53.88 nm/MHz which is comparable to that (59 
nm/MHz) obtained from the electrical wavelength-tuning characteristic. It can 
predict from the tuning rate and the width of the sensitive time window, the 
maximum wavelength change without re-adjustment of the synthesizer frequency was 
0.295 nm. Therefore, it was observed a SMSR degradation of more than 5 dB when 
the wavelength was detuned more than 0.5 nm. The another factor corresponding to 
the degradation of SMSR in quasi-continuous wavelength-tuning is differential gain 
change of a LD at different temperature. The d.c. bias, therefore, was slightly re-
adjusted during the quasi-continuous wavelength-tuning process. After optimizing 
the conditions of temperature, frequency and d.c. bias in the experiment, a high 
SMSR of 27 i 1 dB was obtained throughout the tuning process. 
During self-seeding process, the stable pulse emission is obtained after 4 to 10 
round-trip time corresponding to the external cavity at the center and the edge of the 
tuning curve [42]. In other words, round-trip time is one of the limiting factors on 
using self-seeding technique for fast wavelength-switching application. Therefore, 
using shorter fiber length in the external cavity has the advantage of reducing the 
round-trip time and hence the required time for stable pulse emission. In our 
configuration, the fiber length was 400 m which corresponds to the round-trip time of 
3 92 叩 . T h u s , less than 16 \xs switch-on time is expected for stable singlemode 
operation. It is superior by 2.5 and 4 times to that in [29] by using lkm DSF and in 
section 5.1 by using 1.6 km DSF. Highly dispersion-shifted fiber with dispersion 
coefficient larger than -150 ps/nm/km at 1.55 i^m has been demonstrated [51]. Thus, 
shorter fiber can be used in our configuration to improve the stabilityof the 
frequency synthesizer and the singlemode operation switch-on time. 
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6.7) Summary 
A novel and simple configuration to generate electrically wavelength-tunable 
singlemode pulse from a commercial F-P laser diode have been demonstrated. This 
configuration is simply composed of a 400m HDSF and a fiber mirror which is 
promised to operate both at 1.3 and 1.55 without changing components except 
lasers. Because of the large dispersion coefficients of the HDSF, shorter fiber can be 
used in this configuration. It has the advantages of relaxing the tight requirement on 
the frequency synthesizer stability and fast wavelength-switching. The feedback rate 
and polarization dependence of the wavelength-tuning have also been studied. It is 
found that the SMSR not only depends on the feedback rate but also the polarization 
of the feedback signal. After optimization, successively tuned over 13.43 nm with 
SMSR > 20 dB was obtained for the 1.3 ！im LD. The 1.55 ^m LD can tuned over 
12.8 nm with SMSR >15 dB which may be improve further if the feedback rate is 
optimized. The dispersion coefficient of the HDSF at 1.3 and 1.55 ^xm and the 
sensitivity time window of the 1.3 }im LD have also been estimated from the tuning 
rate and the frequency detuning. 
In additions, an efficient scheme to improve the wavelength tunability by 
combining both electrical and thermal control is reported. The tuning range of the 
1.3 \xm laser is greatly enhanced by 37 % which can be further improved if the tuning 
process is at larger temperature range. Quasi-continuos wavelength tuning have also 
been investigated. After three parameters: operation temperature, repetition 
frequency, and d.c. bias are optimized, a high SMSR -27 dB can be maintained 
throughout the tunings. 
• / I 
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Chapter 7. 
Half-period delayed dual-wavelength 
picosecond optical pulse generation 
using a self-seeded laser diode 
7.1) Introduction 
Multi-wavelength optical sources are likely to find applications in ultrafast 
WDM networks, optical sensing, optical signal processing schemes, fiber dispersion 
coefficient measurement, opto-electronic components characterization. To date, 
many approaches have been reported for the multi-wavelength picosecond pulse 
generation. It includes mode-locking a fiber ring laser by using a birefiingent cavity 
[52], mode-locking a semiconductor laser by using two external cavity [53], 
generation of supercontinuum in optical fibers [54], and active mode-locking a 
multichannel grating cavity laser [55，56]. 
In this-chapter, a comparatively simple approach have been demonstrated for 
the generation of dual-wavelength picosecond optical pulse with half-period delayed 
by using a self-seeded gain-switched Fabry-Perot laser diode. Unlike pervious 
experiments, no anti-reflection coating on the diode facet and/or special laser 
structures are required. Therefore, a commercial available laser diode can be 
employed for the optical source. In additions, this approach is possible to be used in 
the wavelength from 1.3 to 1.55 ^m. The setup is similar to that described in chapter 
6 except adding different piece ofDSF to the external cavity. 
V U 
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1.2) Principle 
Since the dispersion1 effect of the HDSF (DHDSF) and DSF (DDSF) ’ 
neighboring cavity modes in a feedback pulse will be temporal separated. If the 
dispersion effect is very large or the pulse repetition frequency is very high, two 
feedback pulse will be overlapped. When two overlapped cavity modes Xh Xs 
corresponding to different feedback pulses arrive back to the LD during the pulse 
buildup, they will compete with the spontaneous-noise driven fields and then 
amplified. If these two cavity modes have similar power density，a comparable 
SMSR in the output spectrum will be obtained. 
Longer wavelength Xx and shorter wavelength A have different round-trip 
time corresponding to the same external cavity and h is assumed as traveling faster 
than AS in the dispersion medium. In order t o have stable dual-wavelength emission, 
wavelengths and As must be arrived back to the laser simultaneously and during 
pulse build up. It leads the temporal separation between these two wavelengths at 
output emission tls must be equal to the reciprocal of pulse repetition frequency F 
times two, 
丄 , （7.1) 
but the temporal separation tu has- a relation with the dispersion coefficients of the 
fibers as 
th-^U^HDSF^HDSF + ^DSF^DSF)^ C7.2) 
where ；W is the difference of the emitted wavelengths, LHDSF and LDSF are the fiber 
lengths of HDSF and DSF. From (7.1) and (7.2), the pulse repetition frequency F 
and the emission wavelength difference Xh is followed by > 
V 
1 Since we only had a fixed HDSF, different piece of DSF are used for the experiment. 
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= XIAPhdsrLHDSF + D d s f L d s f \ (7.3) 
If DHDSF, DDSF, and LHDSF are kept constant, the separation of emission wavelengths 
；W can be adjusted by changing the DSF length LDSF • In additions, the emission 
wavelengths Xu X can be tuned by changing the repetition frequency followed by 
= 1 x 10 6 ( no(LHDSF + L d s f ) i A义) (7.4) 
A F F l x 10"15 x c x (DHDSFLHDSF + DDSFLDSF) 
nm 1 x 104 x nQ {LHDSF + LDSF) 门、、 QY ( J — , \ ) 
A F M H z ^F(DhdsfLhdsf + D d s f L d s f ) 
AS ^O(LHDSF + LDSF) » A2, 
1 x 10"lJ xcx(D HDSF^HDSF ^DSF^DSF ) 
where F : GHz, n0 ; unitless, DHDSF, and DDSF, ： ps/nm/km, A2: nm, LHDSF and LDSF 
：km and c : 3 x 108. If no DSF is used for the setup, then (7.3) and (7.5) can be 
simply written as 
——(DHDSF LHDSF ), (7 .6) 
\LJr 
and 
• - * . . . • . . •.. . . . , , . • - . - ‘ 
l x l ^ (7.7) 
AF VMHzy 3FDhdsf 
As a summary, dual-wavelength short pulse trains with a delay of half-period 
cycle will be generated. The emission wavelengths and the separation of the dual-
wavelengths are tuned by adjusting the synthesizer frequency and DSF length, 
respectively. 
/ 
- J» . 
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73) Experiment 
The experimental setup is shown in Fig. 7.1 which is similar to that in chapter 
6 except some piece of DSF is now added. An OKI OL360A-5 1.3 \xm F-P laser 
diode was used for the optical source. The laser was gain-switched at around 1 GHz 
by a sinusoidal rf signal with 28 dBm power. The d.c. bias was set at 14 mA. The 
laser output was launched into a 400 m HDSF and a polarization controller was 
wounded onto it. The feedback loop was completed by using a fiber-mirror with 276 
A gold thickness. The output signal was characterized with a HP 70591A optical 
spectrum analyzer module with a monochromator output which allows the input 
optical signal to be filtered by the monochromator with a selected resolution 
bandwidths. The pulse shape was measured by a 25 GHz bandwidth photodetector 
and was then analyzed on a Tektronix CSA803 digital sampling oscilloscope with a 
20 GHz sampling head. About 10 % of the R.F. power was used as trigger signal for 
the oscilloscope which was helpful in reducing the time jitter on the optical pulse 
detection. 
‘ t - „ y f T N Z / ^ X Polarization AR Coated 
r n L a s e ^ o d e ~ r ^ 
• 丁 . 0 ,0 .4 ,0 .8 , F l b e r " I 
Impedance 1.6 km mirror I 
Transformer I 
" • 3dB fibe 
； Bias Tee coupler 
• 中J _ 
I . - - . m J • I 
90 % Optical ^ 
Power Trigger Spectrum Analyzer 
Splitter 1 / 1 ^ % — 'Monochromator A 
Jk output 
24 dB 入 
Amplifier / \ . 
下 J Digital Sampling L 25 GHz”” 
Synthesizer @ ~ 1 Q s d l l s c 0 P e � — 
Fig. 7.1. Experimental setup on the generation and measurement of the dual-wavelength ^tical 
pulse train from a self-seeded gain-switched F-P laser diode. 
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For the spectral measurement of the time delayed dual-wavelength pulse trains, the 
monochromator output of the spectrum analyzer was further connected to the fast 
photodetector. The pulse train corresponding to different wavelength channel can be 
separated by adjusting the center wavelength and the bandwidth of the 
monochromator output. As the high insertion loss (< 7 dB) of the monochromator, a 
large bandwidth ( � 1 0 nm) was used. 
The wavelength of the optical emissions can be adjusted by tuning the 
synthesizer frequency. Different piece ofDSF corresponding to 400, 800’ and 1600 
m were added between the HDSF and the fiber-mirror, the separation of the emitted 
dual-wavelength was measured. 
7.4) Results and discussions 
j 
By adjusting the synthesizer frequency, different single cavity mode was 
tuned. When the tuning process was performed near the edge of the tuning curve, a 
dual wavelength emission was observed in the OSA. Fig. 7,2 shows the output 
- spectra of the dual-wavelength emission in the case of without adding DSR The 
timing frequency was 1000.0465 MHz. If the SMSR is defined as the intensity 
difference between the seeded wavelength and the highest of the other cavity modes, 
the wavelengths are emitted at 1287.8 nm with SMSR of 19.7 dB and at 1302.6 nm 
with SMSR of 20.6 dB. The wavelength separation between the two channels is 14.8 
nm which corresponds to 22 cavity mode spacing. From the spectra, the longer 
wavelength is closer than the shorter one with two cavity mode spacing to the center 
of the gain profile. Thus, a comparatively high feedback intensity is expected in the 
longer wavelength. It leads to higher SMSR on the longer one in tjie dual-
wavelength emission. The another factor is the gain-peak shifting to the longer 
7-5 
Chapter 7. Tim e delay dual-wavelength picosecond pulse generation 
wavelength side during the pulse buildup. Therefore, even through the two 
wavelengths have equal spacing from the center of the gain profile, the longer one 
may have higher intensity when they arrive back to the LD during pulse buildup. 
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Fig. 7.2. Optical spectra of the dual-wavelength laser pulse. Channel spacing is 14.8 nm. 
Fig. 7.3(a) shows the two wavelength optical pulse train with a delay time. 
The measured temporal separation of the pulses was equally spaced at about 500 ps. 
Therefore, the repetition frequency of the pulse train is nearly double to that from the 
RF synthesizer which agrees with the condition of dual-wavelength emission in (7.1). 
The small deviation between the two frequencies is due to the resolution of the 
temporal detection system. In order to identify the associated spectral peak with the 
temporal short pulse, the monochromator output of the optical spectrum analyzer 
was adjusted to one of the seeded wavelengths and measured by the phtotdetector. 
The pulse trains corresponding to the wavelength of 1287.8 and 1302.6 nm are 
shown in Fig. 7.3 (b) and (c) respectively. The worse signal-to-noise ratio is due to 
the high insertion loss of the monochromator. A small shoulder is shown on the base 
of the pulse profile. It is on the oppose side of the pulse edge corresponding to 
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I (c) ^ ― J 
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Time (ps) 
Fig. 7.3. Dual-wavelength short pulse trains as measured by the sampling oscilloscope (a) two pulse 
trains corresponding to 1 2 8 7 . 8 nm and 1 3 0 2 . 6 nm which have half-period delayed; (b) a pulse train 
corresponding to 1 2 8 7 . 8 nm; (c) a pulse train corresponding to 1 3 0 2 . 6 nm. 
* 
different wavelength pulse train. It is simply because the bandwidth window of the 
monochromator was located at oppose side corresponding to two seeded wavelength 
in order to obtain high output power. In additions, the output pulse was suffered 
from spectral dispersion when it travel through the grating in the monochromator. 
Hence the pulse was temporal boarded. However, the SMSR of the seeded 
wavelength was high, so the pulse broaden effect was just on the base of the pulse 
edge. 
The measured pulsewidth are about 32 and 43.8 ps corresponding to the 
spectral peak of 1287.8 and 1302.6 nm. It may be several factors for this effect. One 
is higher dispersion coefficient at shorter wavelength. Thus, the chirping 
compensation effect is stronger. However, only a 
small different between the 
dispersion coefficient of HDSF at 1.3 and 1.55 Jim was reported in Chapter 6，so 
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dispersion effect is not a dominant factor, The major factor for this effect is believed 
to be due to higher differential gain at shorter wavelength. Comparing with the 
pulse-width (52 ps) of self-seeding a single cavity mode at 1292.44，shorter pulse-
widths was obtained by dual-wavelength emission. As higher feedback intensity at 
the selected mode in single-wavelength seeding, the laser switches sooner and the 
laser gain was reduced at switching time. Hence, a larger pulse-width is obtained in 
the single-wavelength seeding [30]. 
Different lengths (400, 800, 1600 m) of DSFs were added between the HDSF 
and the fiber-mirror. The corresponding tuning frequency, emitted spectral peaks, 
and the separation between the two wavelength channels are listed in Table 7.1. Fig. 
7.4 depicts the associated spectral characteristic. It was found that the separation of 
the two emitted wavelength can be decreased with the DSF length, In (a) a 400 m 
DSF was used, the spectral peaks are at 1287.8 and 1300.2 nm which is 
corresponding to the separation of 12.4 nm. When the DSF length was increased to 
800 m，the separation of the spectral peaks was decreased with 2 nm downto 10.4 
nm. The emission spectrum was shown in (b). At 1600 m, a dual-wavelength 
separation of 7.6 nm nearly half to that without adding DSF is observed and 






J ! I I 1 U 
1270 1280 1290 1300 1310 1320 
Wavelength (nm) j 
Fig. 7 4. Output spectra of dual-wavelength emission with different DSFs (a) 400 m, (b) 800 m, (c) 
1600 m. 
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The chromatic dispersion of the fiber at a wavelength [57]can be determined 
by using equation (7.7). From section 5.3，the tuning rate with using a 1.6 km DSF is 
about 270 nm/MHz, then the deduced dispersion coefficient DDSF, at around 1.3 \xm 
is about 18.17 ps/nm/km. The dispersion coefficient of HDSF DHDSF, at 1.3 |im is 
deduced as about 82.62 ps/nm/km in section 6.6. Note that no fiber length 
dependent in (7.7) and it has a negligible change of the tuning frequency i7 and the 
effective group index n0 on dispersion coefficient determination. The separation of 
the two spectral peak as a function of fiber length can be estimated from the 
measured tuning frequency and the given dispersion coefficients. The results are 
. listed at Table 7.2. It is found that the estimated values of the separation between 
two peaks have deviated from the measured values with a range from 0 to 5.92 %r 
It is simply because the fiber length is not exactly equal to its specify. 
Fig. 7.5 shows the emission wavelength tuning by changing the repetition 
frequency at 1.6 km DSF and the corresponding parameters are listed in Table 7,3. 
The two spectral peaks with constant separation is shifted to longer wavelength side 
with increasing tuning frequency. The tuning rate is about 162.8 nm/MHz which is 
agree with the calculated value 158.0 nm/MHz from (7.5). Comparing with the 
tuning rate of 5.9 nm/MHz in the case of without adding DSF, the requirement of the 
frequency synthesizer stability is increased with more than 25 times. This effect can 
be minimized if HDSF is used instead of DSF. r 
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Fig. 7.5. Output spectra of dual-wavelength emission with different tuning frequencies 
(a) 999.78539 MHz, (b) 999.79370 MHz, (c) 999.79800 MHz. 
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In summary, a novel scheme for time-division-multiplexed dual-wavelength 
optical pulse train is demonstrated. It has potential to find application in TDM-
WDM optical communication network. The wavelength separation between two 
spectral peaks can be decreased by increasing fiber length. In our setup, the 
separation can be reduced from 14.8 nm to 7.6 nm by adding a 1.6 km DSF. In 
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Table 7.1. A list of the separation of the dual-wavelength emissions X h as a function of DSF length 
LDSF and repetition frequency F. 
LDSF, k m F, M H z AS, nm n m n m 
0 1000,0465 1287.8 1302.6 14.8 
0.4 999.81400 1287.8 1300.2 12.4 
0.8 999.79820 1289.8 1300.2 10.4 
1.6 999.78539 1291.8 1299.4 7.6 
1.6 999.79370 1293.2 1300.8 7.6 
.1 .6 999.79800 T 1293.9 1301.5 7.6 
Table 7.2. The separation of two spectral peak as a function of fiber length. :the estimated 
values, l i s , : the measured values) 
LDSF, k m F, M H z ； U ’ n m AIS, n m 
Q 1000:0465 15.1 14.8 
0.4 999.81400 1-2.4 12.4 
0,8 999.79820 10.5 10.4 
1,6 1 999.78539 8.05 7.6 
Table 7.3. A list of the two-wavelength emission as a function of repetition frequency i7. 
F, MHz nm A nm nm 
QQQ 1291.8 1299.4 7.6 
QQQ 7Q170 1293.2 1300.8 7.6 
999.79800 1293.9 1301.5 7.6 
y 
7-11 • 
Chapter 8. A proposed self-seeded configuration 
Chapter 8. 
A proposed self-seeding configuration for the 
programmable multi-wavelength optical pulse generation 
Since pulse repetition frequency may be a important factor in some 
applications, a novel configuration for self-seeding a gain-switched LD with fixed 
repetition rate is proposed. Unlike previous experiment, wavelength tuning is 
achieved by switching the signal to one of the external cavities with different fiber 
lengths. In additions, this configuration may be used for the programmable multi-
wavelength optical pulse generation. 
The proposed scheme is shown in Fig. 8.1. A gain-switched 1,3 or 1.55 jam 
F-P LD is joined to a 1 ： 2 optical fiber coupler. One arm of the coupler is connected 
to an external cavity antf the rest is the output channel. 
fiber d e l a ^ ^ ^ ^ ^ 
二 ： e r b 
Gain-switched 7 ^ ^ / i x N Q Q \ \ 
F-P Laser Diode — > ^ i t c h e s � 八 , \ \ \ 
Switches 
OU f ^ TTnoF Fiber-mirror 
广 I j T with 100 % 
^ ^ I reflection 
! K^ xi X2 xi 
Output 
/ 
. t ' • 
Fig. 8.1. The proposed self-seeding configuration for the programmable multi-wavelengtH optical 
pulse generation. 
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The external cavity is consist of a highly dispersion-shifted fiber, a fast electrical-
controllable switch, and several fiber-mirrors with different fiber lengths. The 
function of the switch is connect the optical signal to different fiber-mirrors and then 
feedback to the LD during pulse build-up. Since it have different round-trip time 
corresponding to neighboring cavity modes in a feedback pulse at the same external 
cavity, different cavity modes can be selected by changing the cavity length until the 
round-trip time of the wanted cavity mode is equal to the multiple of the reciprocal of 
the pulse repetition frequency. Therefore, the wavelength-tuning is simply by 
changing the switch state. If the switch connects the output of the LD to more than 
• •‘ .. . , . . , •, 
one fiber mirrors in which each fiber miiror can self-seed one specific wavelength, a 
programmable multi-wavelength optical pulse train can be generated. 
The time difference At of a pulse by changing the fiber length AL is 
At = ^ - , ( 8 1 ) 
c 
* 
where c is the velocity of light in vacuum, n0 is the effective group index. The 
temporal separation At' of two neighboring cavity modes with spacing A2 in a 
feedback pulse after traveling along the HDSF and feedback to the LD is 
At = DAX(2L) (8.2) 
where L is the HDSF length and D is the dispersion coefficient at the operation 
wavelength. "Assume we add a fiber length AL which is greatly less than I，and the 
number of pulse circulating in the feedback loop is unchanged, then the required fiber 
length change AL for self-seeding a neighboring cavity mode is 
AL 二 威 • ( 8 . 3 ) 
no 
The required fiber length change for increase one pulse circulating in the feedback 
loop is • 
AL 二 丄 , 成 4 ) 
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where F is the pulse repetition frequency. If m is the change of number of pulse 
circulating in the feedback loop, and n is the number of cavity mode spacing, the 
required fiber length change for self-seeding different cavity mode can be generalized 
as ' 
Ar / c IcLDtsl • 
)， （8.5) 
n0F n0 
Assume the configuration is used for 1 GHz pulse repetition frequency, and 
'A2 - 0.69 nm 
L = 0.4 Km 
< 
D==83ps/nm/km 
� � 0 =1.4718 
3 x 10容 
then ALm_, = « 203.8 mm, m_1 1.4718xlxl09 
A r 2 x 0.4 x 3 x 108 x 83 x 10~12 x 0.69 0 ” — AL , = « 9.34 mm, 
M=1 1.4718 
and Mmn = 203.8/m + 9.56« units in [mm]. 
Therefore, the fiber difference between two external cavity for neighboring cavity 
mode selection is about 9.56 mm without changing number of pulse circulating in the 
feedback loop. 
In the multi-wavelength operation, the wavelengths will emit simultaneously. 
A variable-time delay between them can be obtained by connecting the output to 
different piece of HDSF. As the wavelengths experience different dispersion effect 
when it travel along the HDSF, they will be temporal separated. The temporal 
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Conclusion 
In this project, generation of wavelength-tunable picosecond optical pulses by 
self-seeded gain-switched F-P laser diode at three different configurations have been 
demonstrated. By using the conventional grating method, a 830 nm LD can be 
successively tuned over 68 cavity modes from 828.6 to 836.2 nm with SMSR better 
than 20 dB and a remarkably high SMSR of over 30 dB has been observed at around 
the center of the tuning range. This is the highest SMSR ever reported for a self-
seeded laser diode at 830 nm. In the fiber-optic configuration, a tuning range of 16.9 
nm with SMSR better than 10 dB has been reported at around L3 \xm by using 2.5 
o/0 feedback rate. A novel configuration which allows to operate both 1.3 and 1.55 
jam without changing components except laser diode has also been used for 
electrically wavelength-tunable picosecond pulse generation. The configuration is 
simply consists of a 400 m HDSF, a polarization controller and a fiber-mirror 
(singlemode fiber its end coated with a thin thickness of gold). After optimization, 
successively tuned over 13.43 nm with SMSR better than 20 dB was obtained for the 
1.3 \xm. The 1.55 jamLD can tuned over 12.8 nm with SMSR >15 dB which maybe 
further improved if the feedback rate is optimized, 
Among three configurations, the conventional grating method is suitable to 
use at 830 nm. It is because no highly dispersion-shifted fiber is available at 830 nm 
and the signal will be highly attenuated by the fiber even through using singremode 
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type. It has found advantage for self-seeding a LD at 1.3 Jim by using fiber-optic 
GonfigUration owing to its simplicity and stability. However, it needs to change 
components such as 3 dB coupler when using at 1.55 \xm. Therefore, the last 
configuration is preferred when self-seeding the LDs at both 1.3 and 1.55 jam. In 
additions, shorter fiber have been used in the last configuration owing to the large 
dispersion coefficients of the HDSR It has the advantages of relaxing the tight 
requirement on the synthesizer stability by at least ten times and reducing the 
switching-time for stable singlemode operation when comparing with the fiber-optic 
« configuration. 
The feedback rate and the electrical bias dependence on both the SMSR of 
the seeded wavelength and the output pulsewidth have also been investigated. It is 
found that the SMSR and the tuning range increases with both the feedback rate and 
the electrical bias. However, if the feedback or the electrical bias is too large, 
multimode emission may occur. In fiber-optic configuration, 2.5 % feedback and 3.1 
mA bias provided the optimized operating condition to generate singlemode pulses 
with large tuning range, good tunabililty, and high SMSR for a 1.3 ^m self-seeded 
gain-switched LD at 100 MHz. Ia additions, the pulsewidth from the self-seeded LD 
increase significant with wavelength, but decrease with increasing d.c. bias. By 
chirping compensation the self-seeded pulse at 1285.5 nm with an additional 1.6 km 
DSF, a compressed pulse with 8.5 ps width has been obtained. The corresponding 
compression factor is 2.2 and the time-bandwidth is 0.73 nm. The pulse may be 
further compressed if a longer DSF is used. > 
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By applying a thermal control, we have demonstrated an efficient scheme to 
improve the tuning range and provide quasi-continuous wavelength-tiining between 
two neighboring longitudinal modes. The wavelength-tuning is greatly enhanced by 
100 % in the fiber-optic configuration when the self-seeding process is performed at 
four operating temperatures. In additions, when three parameters: operation 
temperature, pulse repetition frequency, and d.c. bias are optimized, a high SMSR 
can be kept throughout the tunings. 
, The' self-seeding technique has also been used to generate time-division-
multiplexed dual-wavelength optical pulse train. The wavelength separation between 
two spectral peaks can be decreased by increasing fiber length. In our setup, the 
separation can be reduced from 14.8 nm to 7.6 nm by adding a 1.6 km DSF. In 
additions, the emission wavelengths can be changed by adjusting the tuning 
frequency. Based on this idea, a novel, self-seeding configuration is proposed for the 
programmable multi-wavelength optical pulse generation. 
In conclusion; it is great practical significance for using low cost commercial 
available multimode F-P semiconductor laser diode for the singlemode operation. 
Self-seeding a gain-switching F-P LD is a promise way to do that because it has the 
advantages of simple, no specially fabricated devices or/and antireflection coating on 
the diode facet required. In additions, this technique can be used for the LD at 0.85， 
1:3, and 1.55 \xm. These advantages make it attractive for the applications in optical 
signal processing and optical communications. ‘• 
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The data acquistion programme for 
the 2nd harmonic autocorrelator 
3 REM ****Data acquisation for autocorrelator**** 
4 REM ****The programme is written by Y.C.Lee***** 
5 REM ****A11 right reserved*** 
6 REM ****March 28, 95**** 
7 CLEAR 
10 CLS : port = 368 
20 INPUT "What is the name of the data file?"，fS 
50 OPEN f$ FOR OUTPUT AS #1: '••^Output to a data file**** 
51 PRINT "Please press the scan button on the autocorrlator ！“ 
55 K = i • ****fef *** 
, 60N = 1 V 
70GOSUB410 
140 IF d > 2500 THEN 200 
150 GOTO 60 
200 FORN = OTO 1 
205 GOSUB 410 
210 IF N - 0 THEN GOSUB 480 
220 NEXTN ： 
230 IF d � 2 5 0 0 THEN'200 
240 END 
410 OUT port + 1，0: 丨***Clear Register*** 
420 OUT port + 0，N: '***Gutput channel #N, data，to port**** 
430 FORI = 1 TO 6: A = INP(port + 12): NEXT I: 'Start convert 
440 FOR I = 1 TO 8: A = INP(port + 8): NEXT I 
450 b = INP(port + 3) 
460 c = INP(port + 2) 
470 d = (b - 16 * (INT(b / 16))) * 256 + c 
475 RETURN ‘ 
480 PRINT K； "DATA="; d 
490 WRITE #1，d 
492K = K + 1 






The curve-fitting programme for 
the pulsewidth determination 
% Curve Fitting Program 
% function [amplitude,mean,timeconst]=find_err(labdata); 
% function [amplitude,mean,timeconst]=find_err(labdata); 
% Function to find out an approximate 2nd order system from the step 
% response recorded on "labdata" 






% get input file% 
disp(['(MAKE SURE IT DOES NOT CONTAIN ANY TEXT! !)•]); 
















% set initial condition 
%x0=[0.005 3 2 0.12]; 
% Set initial condition 
change=0; 
x0=[-1200 80 80 1800]; 
% option define the number of search 
opt(14)=2000; 
disp('Searching for solution, please wait ….•); 
• ** ！.. 




% hyperbolic secant curve fitting% 
|y]=fmins('sech3',x0,opt); 











, % Gaussian fitted data point0/� 
qq=x(l)*exp(-((t-x(2)). /x(3)).A2 .*log(2)*4)+x(4); 
% hyperbolic secant fitted data point% 
rr=y(l)*sech(1.76*(t-y(2))./y(3)).A2+y ⑷； 
























disp([,Gaussium ； •，皿m2str(gauss一timeconst/1.414)]) •丨‘‘ 





% calculate the correspond error to the best fitted curve 
gauss一error=sum((x(l)*exp(-(((t-oiies(size �)*x(2))./x(3)).A2*log(2)*4))+x(4)-labb).A:2)•’ 
sech_eiror=siim(^(l)*sech(L76*(t-y(2))./y(3)).A2+y(4) - labb).A2); 
loreiT_error=sum((z(l).*(l+(i*(t-z(2))./z(3)).A2).A(-l)+z(4)-labb).A2); 
% display the error to screen 
disp(['The corresp. error is;']); 
disp(['Gaussian = ',num2str(gauss_error)]); 
disp(['Sech = ',nuni2str(sech_error)]); 
disp(['Lorentzian = ',num2stx(loren_error)]); 
disp(["]) 
disp(['Number of iterations done to reach optimum ；num2str(out(10))]) 
d i sp (n ) 
disp(['If the curves does not fit, change the initial conditions']) 
, end ？ 
set(l，，PaperPosition•，[0 0 8 11]); 
name2=input(,printed filename =')； 








The procedures of gold evaporation onto the fiber end 
using Edwards-306 Coater 
1. Switch on the rotary pump. 
2. Rotate the handle to Roughing position and wait the pressure reaches 3 x 10"1 
torr. 
3. Rotate the handle to Backing position and wait the pressure reaches 4x10 . torr. 
4. Switch on the diffusion pump and wait for 20 minutes for heating up. 
5. Switch on the air admit to fill in air to chamber. 
6. Open the chamber and put the fibers in. 
7. Switch off the air admit. 
8. Pour Liquid N2 to cool the diffusion pump. 
9. Repeat step 3 & 4. 
10. Pull out the handle and rotate to Open position to open the high vacuum value 
(H.V.V.). 
11. Wait until pressure < 8 x 10"6 Torr. 
12. Record the initial frequency on the Edwards Film Thickness Meter (Edwards 
FTM3). 
13. Switch on low tension (L.T.), then set the current to about 60 A, Which will have 
the rate of evaporation of about 3 to 5 . 
14. Switch off the L. T. when the final frequency shown on the meter is reached, 
where final frequency minus initial frequency (Af) is the required frequency which 
is corresponding to the thickness of gold and wait for 20 minutes. 
A2-1 
Appendix III 
15. After evaporating, switch off the diffusion pump and wait for 20 minutes. 
16. Switch off the rotary pump. 
17. To evaporate a different thickness of the gold, repeat steps 1 to 18 and the 
operation conditions should be maintained at using the same current, evaporation 
rate，timing. Just varying Af to obtain different thickness of the gold. 
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